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Future climate scenarios predict an increase in temperature and dissolved carbon 
dioxide (pCO2) of the marine environment in the next century. Calcifying marine 
invertebrates are thought to be especially vulnerable to increases in pCO2 and although 
the effect of increasing temperature in many of these taxa is understood, less is known 
about the interactive effects of these stressors on the physiology of calcifying 
 
invertebrates. In the present study, juvenile blue crab (Callinectes sapidus) were exposed 
predicted future levels of temperature and pCO2 in a 2x2 factorial design for two 
complete molts (approximately 30 days). Increased temperature caused a significant 
increase in crab growth rate and food consumption, but at a cost to carapace thickness 
and chemistry. The carapaces of individuals exposed to increased temperature were 
significantly thinner and had significantly lower percent high-magnesium calcite (HMC), 
the mineral from which the carapace derives its strength. Although there was a significant 
increase in percent HMC in response to increased pCO2, this was paired with an increase 
in the concentration of magnesium, complicating the overall effect of increased pCO2 on 
the carapace. The temperature range tested in this study was not large enough to elicit a 
significant difference in mean oxygen consumption rate. Crabs were resilient to exposure 
to extremely high levels of pCO2; there was no significant effect of increased pCO2 on 
crab growth rate, food consumption, or oxygen consumption rate.   
Individual physiological response data were utilized in concert with historical and 
predicted water temperatures to determine effects of future predicted increases in water 
temperature on blue crab overwintering behavior in the Chesapeake Bay. Model data 
indicated a significant shortening of the overwintering period from approximately 3.5 
months currently to between 1.5 and 3 months, depending on the climate model utilized 
for the predictions. Increases to growing season length, combined with predicted 
increases in crab growth rate and food consumption, indicate that in the future blue crab 
will mature faster and may possibly grow year-round, similar to individuals that live in 
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Chapter 1: Introduction 
Anthropogenic combustion of fossil fuels since the Industrial Revolution has 
caused an increase in the concentration of carbon dioxide (CO2) in the atmosphere 
(Doney and Schimel, 2007). The Intergovernmental Panel on Climate Change (IPCC) 
predicts that atmospheric levels of CO2 will continue to increase from 380 µatm currently 
to over 1,000 µatm by the end of the 21st century (Caldeira and Wickett, 2003; Orr et al., 
2005; Stocker et al., 2013). Due to the greenhouse effect, this increase in CO2 has caused 
an increase in atmospheric and, consequently, oceanic temperatures. Recent IPCC model 
predictions suggest that ocean temperatures will warm by 2.6-4.8°C by the year 2100 
(Stocker et al., 2013).  However, not all of the released CO2 has remained in the 
atmosphere; the oceans have absorbed about 30% of this excess atmospheric CO2 (Feely 
et al., 2009) resulting in an increase in dissolved CO2 (pCO2) in the ocean. The 
absorption of CO2 by the ocean changes the equilibrium of the carbonate system, causing 
a decrease in oceanic pH due to an increased presence of acidic species (HCO3
- and 
hydrogen ions) and a decreased presence of basic species (carbonate, CO3
2-). As a result, 
oceanic surface pH has declined an average of 0.1 pH units (termed ocean acidification, 
OA) from preindustrial times and is predicted to decrease by another 0.3 pH units by 
2100 (Caldeira and Wickett, 2003; Orr et al., 2005; Stocker et al., 2013).   
 Quantifying the effects of the changes in oceanic conditions described above on 
marine life is vital to understanding the future of the ocean and its function. Many 
processes critical to sustaining life in the ocean are dependent on specific ranges of 





from these ranges that is occurring in today’s oceans will induce changes in the way 
many marine animals survive and reproduce. The impacts of changes in ocean 
temperature and pH on marine animals have been the focus of numerous studies, with 
special attention paid to species that utilize calcium carbonate in creating their carapace. 
My dissertation adds to this body of knowledge by quantifying the organismal and 
population level effects of warming and acidification on juvenile blue crab, Callinectes 
sapidus, in the Chesapeake Bay. I quantified the effect of changes in water temperature 
and pCO2 on crab growth, oxygen consumption rates, and carapace properties and also 
used these data to predict the potential impacts of climate change on crab overwintering 
behavior. 
 
The carbonate system and climate change 
 The carbonate system is defined by four analytical parameters: the total dissolved 
inorganic carbonate (CT), total hydrogen ion concentration (pH), the total alkalinity (TA), 
and the concentration of CO2 gas (pCO2).  
The CT is the sum of all carbon species in a system and represented by the 
following equation: 
CT = [CO2] + [HCO3
-] + [CO3
2-] 
where [ ] indicates concentration. 
 The pH is representative of the level of hydrogen ions in a given system and is 
described by the following equation: 





Since pH is described on a log scale, a 0.1 unit change in pH represents a 30% change in 
[H+].  The pH of natural waters ranges from 6-9, with oceanic pH approximately 8.1.  As 
more anthropogenic carbon dioxide is released into the atmosphere, [H+] in the ocean 
increases (see below), which causes the pH to decline, making the water more acidic. 
 The TA of a system is a representation of buffering capacity and is positively 
correlated with salinity in natural systems.  TA is described by the following equation: 
TA = [HCO3
-] + 2*[CO3
2-] + [OH-] - [H+] 
Since TA represents buffering capacity, a complete definition includes all proton 
acceptors (bases formed from weak acids) and proton donors (weak acids).  In natural 
systems, TA includes also borate, phosphate, silicate, and nitrate species in addition to 
the carbonate species listed above.  TA can be measured in a variety of ways, most 
commonly (and simply) through titration of a seawater sample with a strong acid to 
prescribed inflection points (Dickson et al., 2007).  Spectrophotometric determination of 
TA is a more accurate, while also more expensive and complex, method of quantifying 
the TA of a sample (Yao and Byrne, 1998). 
The oceanic carbonate systems is an open system, and therefore the pCO2 of the 
water is thought to closely track that of the atmosphere. While certain processes (e.g.: 
respiration and photosynthesis) may locally alter the pCO2, most biological systems are at 
an average value of 380 µatm (Stocker et al., 2013) under current climate conditions. The 


















Since it is not possible to analytically distinguish CO2(aq) from H2CO3(aq), the combination 
of the two is considered to represent pCO2. At current (2017) ocean pH (about 8.1), 
approximately 85% of the carbon species present exist in the form of bicarbonate (HCO3
-
), with the remainder being mostly carbonate (CO3
2-). Increases in atmospheric CO2, and 
hence oceanic CO2, push equilibria 1 and 2 in the equation above to the right, creating 
more free hydrogen ions in solution. The two free hydrogen ions on the right side of 
equilibrium 3 favor the movement of that equilibrium to the left, thereby creating even 
higher concentrations of bicarbonate and reducing the amount of carbonate available to 
form calcium carbonate.  
These changes to the carbonate system equilibria have the potential to affect 
marine species in the variety of ways. Increasing atmospheric (and therefore surface 
ocean) pCO2 will favor the formation of bicarbonate and will increase the amount of 
hydrogen released by the carbonate system. However, due to differences in the relative 
amounts of bicarbonate (high) and hydrogen (low) in the ocean, the relative increase in 
bicarbonate is very low compared to the relative decrease in pH that is resultant from an 
increase in atmospheric pCO2. This large relative change in pH may impact ion 
regulation and acid-base balance in species as the environment acidifies. The decreased 
availability of carbonate may change the saturation state of calcium carbonate in acidified 
marine systems, increasing the corrosivity of the water and making the environment less 
favorable for the formation of calcium carbonate structures, such as marine invertebrate 
exoskeletons (Feely et al., 2004; Gazeau et al., 2007; Fabry, 2008). These changes, driven 
by the warming and acidification of the marine environment, have the potential to 






Species response to climate change 
The effects of a warming marine environment have been studied extensively, 
largely because the rates of many physiological processes in invertebrates and fishes are 
strongly temperature-dependent (Kinne, 1964; Pörtner, 2002). For example, temperature 
has been observed to directly influence the somatic growth rate of crustaceans by 
shortening the time between molts (Brylawski and Miller, 2006; Glandon and Miller, 
2017). Importantly, research has shown that a failure to adapt to warming temperatures 
can have dramatic effects on the sustainability of valuable exploited species such as 
Atlantic cod, Gadus morhua (Pershing et al., 2015). Studies quantifying the impact of 
ocean acidification on marine animals are widespread. Work has ranged from exposure to 
highly acidic conditions for short periods of time (Bibby et al., 2007; Spicer et al., 2007; 
Checkley et al., 2009; Miller et al., 2009) to exposure to moderate, and potentially more 
realistic, pH levels for longer periods of time (Landes and Zimmer, 2012; Long et al., 
2013b; Swiney et al., 2015; Long et al., 2016a). A theme throughout these studies is the 
inconsistency of the response of animals to declines in pH. A variety of factors may 
explain these patterns of variation: (1) the existence and type of calcium carbonate 
structures, (2) metabolic rate, and (3) phenotypic plasticity in response to acidification. 
Although acidification alone has been the focus of many studies, the interactive effects of 
temperature and acidification are less well studied. However, such interactive effects are 
important to quantify when considering the overall response of communities to climate 
change due to the potential for non-linear effects between environmental stressors 





The change in saturation state of calcium carbonate that occurs concurrently with 
ocean acidification (OA) has been observed to adversely affect shell deposition in marine 
animals. Shell dissolution under acidified conditions occurs due to the decline in calcium 
carbonate saturation state and the underlying mechanism for this dissolution is well 
understood (Feely et al., 2010; Findlay et al., 2011). However, increasing temperature 
causes the solubility of calcium carbonate to decrease, potentially counteracting the effect 
of acidification on the solubility of calcium carbonate species. The species-specific nature 
of the calcification process, combined with the effects of pCO2 and temperature on the 
saturation state of calcium carbonate described above, induce considerable variability in 
the observed response of marine calcifying species to climate change stressors. Shell 
dissolution under acidic conditions has been observed in many taxa, from tropical corals 
(Kleypas et al., 1999; Hoegh-Guldberg et al., 2007; Anthony et al., 2008) to plankton 
(Riebesell et al., 2000; Iglesias-Rodriguez et al., 2008) and to bivalves including 
pteropods (Orr et al., 2005; Lischka et al., 2010) and oysters (Gazeau et al., 2007; 
Waldbusser et al., 2011b). However, increased calcification rates have been observed in 
certain species exposed to acidified conditions including crab (Ries et al., 2009; Long et 
al., 2013a), shrimp (Ries et al., 2009) and barnacles (McDonald et al., 2009). Currently 
the exact mechanism for the increase in calcification observed in these species is 
unknown but possible explanations might include the existence of a protective lipid layer 
on the carapace to prevent dissolution and tradeoffs between calcification rate and other 
physiological processes in certain species exposed to increased pCO2. However, the lack 
of data on the effects of climate change stressors on the carapace structure and chemistry 





effects of warmer, more acidic conditions on the mechanism of calcification in these 
species.    
Another factor that climate change may affect is metabolic rate of poikilotherms. 
Metabolic rate is often tied to the thermal conditions of a species’ habitat as temperature 
is a controlling factor in many organismal-level processes in cold-blooded marine 
animals (Pörtner, 2002). Levels of respiratory pigments, such as hemoglobin and 
hemocyanin, are thought to control thermal tolerance limits through oxygen limitation of 
cellular processes at temperature extremes (Pörtner, 2002). Species in warm water are 
able to maintain high metabolic rates while cold water species often have slower 
metabolisms. For example, polar crustaceans have been observed to have 2.5 to 7.5 fold 
lower respiratory pigment levels than mid-latitude crustaceans, and differences in 
respiratory pigment levels have been tied to metabolism in these species (Taylor et al., 
1991; Pörtner et al., 2007). These cold water species may have reduced buffering 
capacity in comparison to their warm water counterparts and may therefore be more 
susceptible to the negative effects of climate change. 
Phenotypic plasticity may provide animals resistance to potential climate stressors 
and has been observed in many marine invertebrates (Hadfield and Strathmann, 1996; 
Davis, 2000). In these cases, the expression of certain traits is dependent on the 
environmental context in which the animals develop. Species that live in naturally 
variable habitats may have a greater capacity for phenotypic plasticity than those that live 
in more stable environments due to the variable conditions under which they develop and 
to which they are adapted. In the context of climate change, species that live in habitats 





changes than species living in more variable environments. For example, changes in 
thermal cues for gametogenesis, spawning, and the presence of larvae have been 
observed as a response to ocean warming in marine plankton (Hays et al., 2005) and 
gastropods (Moore et al., 2011). Similar phenotypic responses may exist in animals that 
live in variable pH environments, but the lack of data on this topic makes drawing overall 
conclusions regarding the phenotypic response to climate change difficult (Richardson 
and Poloczanska, 2008).  
 
Climate change in estuaries  
Much of the existing knowledge of the chemistry and biology of climate change 
presented above is based upon open ocean systems. For example, the IPCC predictions 
described above are based upon temperature and CO2 data collected at the Earth System 
Research Laboratory located over 3,000 meters above sea level at Mauna Loa, Hawaii 
(Doney and Schimel, 2007). Acidification in the open ocean is primarily driven by 
increasing atmospheric concentrations of CO2, a concept known as “Ocean Acidification 
v 1.0” (MdOA, 2015), where small changes in pH occur relatively slowly (but more 
rapidly than have occurred in several million years in the ocean) and have a large impact 
on the system.  However, the open ocean system is not characteristic of all oceanic 
habitats. In “Ocean Acidification v 2.0”, also known as coastal acidification, the 
influence of physical oceanographic factors, such as upwelling of CO2-rich deep ocean 
water, are incorporated into prediction scenarios (MdOA, 2015). While the overall 
change in pH is slow in this scenario, abrupt but temporary changes in pH can occur due 





1.0”, certain effects of “Ocean Acidification v 2.0” can be mitigated if natural or 
commercial processes can be halted during periods when the location is affected by 
upwelling.   
However, neither of these scenarios applies to near-coastal or estuarine systems 
such as the Chesapeake Bay. In these systems, a combination of low natural alkalinity, 
eutrophication from wastewater, storm water, and agricultural runoff, and high natural 
productivity and respiration, causes a combination of hypoxia and acidification. Najjar et 
al. (2009; 2010) examined potential impacts of climate change on mid-Atlantic estuaries, 
including the Chesapeake Bay. Likely changes in the future include increased flooding 
and submergence of wetlands, increased variability in salinity, harmful algae, and 
hypoxia, and a reduction in the amount of submerged aquatic vegetation. The magnitude 
of the effects of climate change on estuaries is related to the CO2 emission trajectory and 
therefore actions taken now to reduce emissions may reduce impacts on estuarine 
systems. This scenario, termed “Ocean Acidification v 3.0” (also known as estuarine 
acidification), is characterized by substantial, rapid, and cyclic changes in pH (MdOA, 
2015).   
In contrast to the relatively stable water chemistry of the oceanic carbonate 
system, the estuarine carbonate system is quite variable (Cai and Wang, 1998; 
Waldbusser and Salisbury, 2014). Future climate scenarios may make the environment 
even more variable (Miller et al., 2009) through an increasing atmospheric CO2 baseline.  
The absorption of CO2 gas into estuarine waters is only one of multiple processes that 
impact pH in estuaries (Blackford and Gilbert, 2007; Soetaert et al., 2007; Miller et al., 





concentration (Howland et al., 2000; Swarzenski et al., 2008) while plankton 
photosynthesis/respiration cycles can cause strong diel cycling of pH (Sampou and 
Kemp, 1994). Increased rain events caused by climate change could impact freshwater 
influx into estuaries (Najjar et al., 2010) and increased temperatures can increase 
phytoplankton respiration and photosynthesis (Richardson and Schoeman, 2004; Hays et 
al., 2005). Considering the important differences between the drivers of climate in the 
estuary and the open ocean, estuarine-specific studies are necessary to understand the 
impact of climate change on this critical environment.    
Estuaries form a connection between the terrestrial and marine environment and 
provide critical habitat for many species. The estuarine habitat is influenced by stressors 
from both the marine (tides, waves, salt) and riverine (freshwater and nutrient inputs) 
environment. Estuaries are often very productive environments and are consequently 
nursery habitat for the early life stages of many species. The Chesapeake Bay is the 
largest estuary on the east coast of North America and is home to many ecologically and 
commercially important species. Effects of climate change have already been observed in 
both water temperature and pH in the Chesapeake Bay (Najjar et al., 2010). For example, 
the climate regime of the Chesapeake Bay is projected to represent present day South 
Carolina by the year 2100 (Boesch et al., 2008). The effect of increased atmospheric 
pCO2 has also been observed in the Chesapeake Bay (Miller et al., 2009; Waldbusser et 
al., 2013), although the time series on these data is much shorter than the available 
temperature data. As compared to open ocean systems, the Chesapeake Bay may be 
especially vulnerable to OA due to lower buffering capacity associated with low salinity 





al., 2000; Swarzenski et al., 2008). The complexity of the estuarine system combined 
with the lack of studies quantifying climate change impacts in estuaries was motivation 
for my study on the effects of climate change on juvenile blue crab in the Chesapeake 
Bay. 
 
Blue crab population demography 
The blue crab, Callinectes sapidus, is a decapod crustacean found along the coast 
of the western Atlantic, from Massachusetts to Uruguay (Williams, 1984). The 
Callinectes genus originated in the shallow coastal waters of the neotropical Atlantic but 
has radiated to a wide geographical range over time (Williams, 2007). Despite the large 
range of environmental conditions which contain populations of adult crabs, larvae of 
blue crab are stenohaline and stenothermal, following the characteristics of their 
ancestors (Costlow and Bookhout, 1965; Kalber, 1970). After 7-8 molts in the coastal 
ocean, blue crab larvae ingress into the closest estuary, which is determined by wind and 
circulation conditions during the marine larval development period (Epifanio, 2007). The 
timing of this ingress is dependent upon the breeding population of interest; females in 
low latitudes spawn year-round, mid-latitude females spawn in both the fall and spring, 
and females from northern populations may only spawn once per year in the late 
spring/early summer (Hines, 2007). Larvae develop into megalopae, then juveniles, and 
finally reach adulthood in the estuarine environment, where mating occurs at the terminal 
female molt (Hines, 2007; Jivoff et al., 2007; Lipcius et al., 2007). Stage duration and 
growth rates are temperature (and therefore latitude) dependent in this species such that 





while individuals from the northern extent can take up to three years to reach maturity 
(Williams, 1984; Fogarty and Lipcius, 2007).  
The blue crab is a commercially and ecologically important species in the 
Chesapeake Bay (Hines et al., 1990; Hines, 2007; Miller et al., 2011). Blue crab diets 
contain many taxa including other crustaceans, bivalves, and fish and varies with crab 
size (Hines et al., 1990; Mansour and Lipcius, 1991). Smaller crabs eat small 
invertebrates and thin-shelled bivalves while larger individuals eat thick-shelled bivalves 
and are known to be cannibalistic (Dittel et al., 1995; Hines and Ruiz, 1995). Blue crab 
are opportunistic, aggressive, benthic predators and their broad diet makes them an 
integral part of the benthic food web in the Chesapeake Bay (Eggleston et al., 1992; 
Hines, 2007).  Blue crab have been fished commercially in the Chesapeake Bay since the 
turn of the 19th century (Kennedy et al., 2007) and currently support important 
commercial and recreational fisheries in the region (Kennedy et al., 2007; Miller et al., 
2011). 
 
Blue crab growth and molting 
Blue crab display a discontinuous growth pattern (Smith and Chang, 2007) 
achieved through the shedding of the external carapace, a process termed molting.  The 
protective external carapace of the blue crab is composed of four layers which lay on top 
of a permanent hypodermis layer (Figure 1.1). The outermost epicuticle is composed of 
spherical “islands” of calcium carbonate (in the form of calcite) surrounded by a lipid-
protein matrix (Roer and Dillaman, 1984). The second layer inward is the exocuticle, 





organized into layers called lamellae (Roer and Dillaman, 1984). The third layer is the 
endocuticle, also composed of calcite crystals but interspersed within tanned chitin-
protein fibers organized into lamellae (Roer and Dillaman, 1984). The innermost layer is 
the membranous layer, composed of chitin and protein but no calcite (Roer and Dillaman, 
1984). These four layers are connected to the hypodermis by numerous pore canals, 
which are cytoplasmic extensions of the outer epithelial cells and allow for the movement 
of the organic and mineral components of the carapace to be absorbed and deposited as 
the molt cycle progresses (Roer and Dillaman, 1984).       
 The molt cycle in blue crab consists of four stages: pre-molt (D0 – D4), ecdysis 
(E), post-molt (A, B, C1 – C3), and inter-molt (C4).  The onset of pre-molt (stage D0) 
occurs when the pore canals are severed and the connection between the hypodermis and 
the old cuticle is interrupted (Green and Neff, 1972). Pre-molt stages D1 to D4 are 
characterized by the dissolution of the old cuticle and the deposition of the new epi- and 
exocuticles. The dissolution of the mineral part of the cuticle is achieved by lowering the 
pH of the molting space through the addition of H+, thereby driving the dissolution of 
calcite into calcium and bicarbonate ions. After this dissolution, calcium and bicarbonate 
ions are actively pumped out of the molting space by the Ca/ATPase pump and carbonic 
anhydrase (CA), respectively (Roer, 1980). The end of the pre-molt stage is characterized 
by an increase in ventilation to increase haemolymph [O2], which leads to an increase in 
haemolymph pH which buffers the acidic byproducts of the post-molt process (Mangum, 
1992). In addition, increased Na/K/ATPase activity in the gills creates an osmotic water 
influx, thereby increasing hydrostatic pressure in the body cavity leading to ecdysis 





 Exuviation of the old exoskeleton defines molt stage E (ecdysis). Exuviation is 
achieved by the rapid pumping of water that began during late post-molt, increasing the 
hydrostatic pressure in the body cavity to levels that split the old carapace and allow the 
animal to emerge (Neufeld and Cameron, 1994). The process of exuviation is rapid, and 
in many individuals it occurs in only a few minutes time (Cameron, 1985). After ecdysis 
the crab is considered a “soft shell”, indicating that the carapace has not yet hardened and 
movement is limited due to lack of firm attachment sites for muscle and gill structures 
(Smith and Chang, 2007).  Early post-molt (stages A and B) is characterized by rapid 
uptake of water; two-thirds achieved by drinking and the remaining one-third by osmotic 
uptake in the gills (Neufeld and Cameron, 1994). This uptake of water results in an 
increase in blood pressure to five times inter-molt levels, forcing the new cuticle to 
become taut and conform to the crab’s new, larger dimensions that will exist until the 
next molt event (Mangum, 1992). Active ventilation through the gills is at 50% capacity 
during early post-molt, but oxygen can diffuse directly through the soft cuticle at this 
time, compensating for some of the reduced ventilation capacity (Smith and Chang, 
2007). Haemolymph pH declines during early post-molt due to anaerobic respiration and 
the formation of calcium carbonate for the new exoskeleton, both of which have acidic 
byproducts. The increase in haemolymph alkalinity during late pre-molt counteracts this 
acidosis and allows the crab to survive ecdysis and early post-molt (Smith and Chang, 
2007).       
 Late post-molt is characterized by deposition of the new endocuticle and 
mineralization of the new cuticle. Mineralization of the new cuticle occurs after water 





is more rapid without calcium carbonate structures (Roer and Dillaman, 1993). 
Mineralization occurs from the outermost layer (exocuticle) inwards and involves the 
transport of both calcium and bicarbonate into the crab from the external environment. 
Calcium enters the crab passively across the gills and actively from the hypodermis to the 
cuticle through calcium/ATPase pumps (Roer and Dillaman, 1993). Bicarbonate transport 
is mediated by the enzyme carbonic anhydrase (CA), with peak gill CA activity observed 
during mid to late post-molt. This is contrasted with peak cuticular CA activity which is 
observed during the pre-molt stage (Henry and Kormanik, 1985). Secretion of the 
membranous layer of the new cuticle during molt stage C3 marks the end of the post-molt 
stage (Roer and Dillaman, 1984).           
The molting process is costly for blue crab both energetically and in terms of 
predation vulnerability. Many of the processes described above involve active pumping 
of ions, requiring energy in the form of ATP and others rely on the presence of an ionic 
gradient to facilitate diffusion. Another energetic cost of molting is the lack of feeding 
that occurs during late pre-molt through early post-molt, due to lack of calcification in 
newly molted mouthparts (Smith and Chang, 2007). Blue crab are vulnerable to predators 
during early post-molt due to the absence of a fully calcified cuticle. This limits crab 
movement (and feeding) because the musculature necessary for movement does not have 
a hard anchor on which to pull until the cuticle is fully calcified (Smith and Chang, 
2007). The warmer, more acidic conditions of the future may make molting more 
energetically costly and less efficient for crabs. Understanding how crab molting and 







Blue crab regulatory capacity 
 Environmental variability plays a major role in determining species diversity and 
spatial distribution (Sanders, 1968; Heerebout, 1970; De Jonge, 1974); highly variable 
environments often contain low numbers of species in a small area due to the relationship 
between environmental variability and osmotic and thermal stress (Kinne, 1964; Parry, 
1966). The range of environmental conditions where blue crab thrive underscore the 
impressive regulatory capacity of this species. Although the molting process 
(summarized above) puts the individual under enormous physical stress, it represents an 
ephemeral increase in the cost of living for blue crab. The permanent existence of blue 
crab in a wide range of environmental conditions is a testament to the regulatory capacity 
of this species, which is primarily achieved through the gills and carapace (Smith and 
Chang, 2007; Towle and Burnett, 2007). The outermost layer of the blue crab carapace is 
coated with a lipid-protein matrix, forming an impermeable layer which protects the 
individual from the external environment (Roer and Dillaman, 1984). The protective 
ability of the carapace is therefore twofold in blue crab; to provide the animal with 
protection against predation through a hard shell and to create a barrier to fluctuations in 
external conditions. 
 The complex structure of the blue crab gill aids in the ability of ion transport 
systems to regulate the conditions inside of the crab. Blue crab have eight pairs of gills 
with approximately eight lamella per mm of gill length (Aldridge and Cameron, 1982; 
Taylor and Taylor, 1992). The lamella contain a single layer of epithelial cells which 





aid in gas exchange, ion transport, acid-base regulation, and nitrogen excretion (Towle 
and Burnett, 2007). Na/K/ATPase exchanger is primarily responsible for gill ion 
transport in blue crab through increased activity when the environmental conditions 
(specifically salinity) change (Towle et al., 1976; Neufeld et al., 1980). The increase in 
Na/K/ATPase activity has been linked to an increase in oxygen consumption in crabs 
acclimated to low salinity (Towle et al., 1976). Transfer to low salinity also increases 
hemolymph ammonia, which is excreted through the substitution of K+ for NH4
+ in the 
Na/K/ATPase enzyme (Towle and Holleland, 1987).  
 Gas uptake and excretion in the blue crab also occur in the lamella of the gills. 
Deoxygenated hemolymph accumulates in the body of the individual and the hemolymph 
hemocyanin (the oxygen-carrying protein in blue crab) becomes fully saturated with 
oxygen as it passes through the gills (Mangum et al., 1985; Towle and Burnett, 2007). 
Carbon dioxide is excreted through the gills with the assistance of the enzyme carbonic 
anhydrase, which accelerates the interconversion of CO2 and carbonic acid (Henry, 
1996). Carbonic anhydrase has also been linked to acid-base balance in blue crab, such 
that metabolic alkalosis is mediated through mechanisms in the gills for translocating 
ions (Henry and Cameron, 1983). The ability of blue crab to regulate internal conditions 
in a wide range of environments may allow this species to acclimate, and even adapt, to 
changing environmental conditions. My dissertation research questions focus on whole-
animal responses to climate change, but the mechanisms described above form the basis 







Blue crab population response to climate change 
Although understanding the response of individuals to environmental stressors 
such as climate change is a critical step in predicting the fate of species in the future, 
modeling population level responses is another important aspect of climate change 
research. Global climate models (GCM) are complex simulations of weather patterns and 
physical factors that allow researchers to predict future climate conditions. GCMs predict 
many aspects of climate including temperature, precipitation, and severe storm 
frequency. Despite the power of GCMs, they are most useful on a global scale, which is 
too broad for many research questions. Downscaling of GCMs to local scales is a way to 
understand how GCM predictions may play out in specific environments (Taylor et al., 
2012; Maloney et al., 2014). Downscaled models use predictions from a single GCM to 
inform a model that has more accurate physical forcing and weather data at a smaller 
geographic scale than the GCMs. It is important to note that the downscaled information 
can be no more reliable than the climate model simulation that underlies it and therefore 
downscaled GCM results should be taken with caution. However, these downscaled 
model predictions are the most accurate local scale predictions currently available. 
Utilizing local environmental dynamics in concert with downscaled GCM projections 
may improve the reliability of predictions from downscaled models (Cho and Lee, 2011). 
Long-term, high resolution environmental data can aid in understanding the climate 
dynamics of local systems and can improve downscaled GCM predictions. 
 The Chesapeake Biological Laboratory (CBL) has been recording daily air and 
water temperature since 1938. This high-resolution, long term dataset is ideal to 





predictions. Accurately characterizing the relationship between air and water temperature 
in the local climate can allow researchers to use GCM air temperature projections to 
predict future water temperature in their region. Future water temperature can then be 
used to predict population level effects of expected changes in temperature on marine 
species. For example, blue crab in the Chesapeake Bay overwinter when temperatures fall 
below 9°C (Smith and Chang, 2007). Understanding the temperature dynamics of the 
Chesapeake Bay in the future can help to predict changes in blue crab behavior, 
specifically the length of the overwintering period. Changes to this period may have 
widespread effects including an increase in the length of the growing season, increased 
predation by blue crab, and the potential for an increase in the length of the crab fishing 
season. The critical role of blue crab in the Chesapeake Bay food web underscores the 
importance of determining population level effects of climate change on this species. 
 
Dissertation research summary 
 My dissertation evaluated the effect of increased temperature and pCO2 on 
juvenile blue crab, Callinectes sapidus, in the Patuxent River, Chesapeake Bay.  I 
conducted four studies to quantify the response of juvenile blue crab to climate change. 
In Chapter 2, I determined the effect of increased temperature and pCO2 on the 
growth and food consumption of juvenile blue crab. I designed a flow-through system in 
the Cronin Laboratory at the Chesapeake Biological Laboratory (CBL) that allowed for 
the control of the temperature and pH of experimental water. Temperature was controlled 
through the addition of heated seawater provided in the Cronin Laboratory. pH was 





controlled addition of CO2 gas, moderated by a controller to pre-determined set points. 
Once gas flow stopped, the continual flow of water into the experimental tanks increased 
the pH thereby initiating the flow of CO2 gas once again. 160 individual crabs were held 
for two complete molts (approximately 30 days) in one of four temperature/pCO2 
treatment combinations. Crabs were fed daily and growth and food consumption were 
determined for each individual. I tested the hypotheses that increased temperature would 
have a positive effect on crab growth and food consumption while increased pCO2 would 
have a negative effect on those responses. I also hypothesized that there would be a 
significant antagonistic interaction of temperature and pCO2 on crab growth and food 
consumption, such that individuals exposed to high temperature/high pCO2 would display 
the lowest growth and food consumption of all treatment combinations. The data from 
this study indicated that increased temperature significantly increased the growth rate and 
food consumption of crabs while increased pCO2 had no significant effect on either 
response. This work is published in the ICES Journal of Marine Science (Glandon and 
Miller, 2017). 
In Chapter 3, I quantified changes in the thickness and chemistry of the carapaces 
of juvenile blue crab exposed to increased temperature and pCO2. In this study, the 
carapaces of individuals from the previous study were analyzed for thickness and 
chemistry. Carapace thickness was determined by light microscopy of thin sections. The 
concentration of calcium and magnesium in individual carapaces was determined through 
Inductively Coupled Plasma – Atomic Emission Spectrometry (ICP-AES), and these 
concentrations were used to quantify the amount of high-magnesium calcite (HMC) 





carapaces to be thinner and lower the content of HMC while increased pCO2 would not 
affect carapace thickness but would increase the HMC content of carapaces. The data 
from this study indicated a significant effect of temperature on the carapaces of crabs; 
carapaces of crabs exposed to high temperature were significantly thinner and contained 
significantly less weight percent HMC than the carapaces of crabs exposed to ambient 
temperature. Increased pCO2 significantly increased the weight percent HMC and the 
concentration of magnesium in the carapace. This work has been accepted for publication 
to the Journal of Experimental Marine Biology and Ecology with Drs. Hali Kilbourne, 
Johan Schijf, and Thomas Miller as co-authors. 
In Chapter 4, I determined how future predicted increases in temperature and 
pCO2 may affect the oxygen consumption rate of juvenile blue crab.  In this study, 
individuals were exposed to one of four treatments of combinations similar to the 
treatment levels in Chapter 2. After the crabs had completed two molts in the acclimation 
system, the rate of oxygen consumption was determined after a 24 hour starvation period. 
Individuals were placed in a flow-through respiration chamber overnight for at least 10 
hours and the concentration of oxygen in the inflow and outflow water as well as the flow 
rate of water was determined every second. The water in the chamber during each trial 
was the same temperature and pCO2 as the acclimation water for each crab. Based on the 
known impacts of temperature and pCO2 on other marine species combined with the 
expected outcomes of the growth study, I hypothesized that increased temperature would 
increase the oxygen consumption rate of crabs and increased pCO2 would also increase 
the oxygen consumption rate of crabs due to increased rates of ion pumping in a more 





temperature and pCO2 on oxygen consumption rate, such that individuals exposed to 
increased temperature and pCO2 would have the highest oxygen consumption rate of any 
treatment combination. Although the temperatures tested in this study did not elicit a 
significant difference in mean oxygen consumption rate, Q10 values indicated that oxygen 
consumption rates did predictably rise with temperature. High individual variability and a 
relatively small difference in temperature treatments are likely the cause for the lack of a 
statistically significant difference between mean oxygen consumption rates by 
temperature. Additionally, there was no significant effect of increased pCO2 on the 
oxygen consumption rate of crabs in this study. This work is currently being prepared for 
submission to the Journal of Shellfish Research with Drs. Chris Rowe, Kennedy Paynter 
and Thomas Miller as co-authors. 
In Chapter 5, I characterized the air-water temperature relationship in the 
observational temperature data and used this relationship to predict future water 
temperature in the Chesapeake Bay using projected air temperature from downscaled 
global climate models (GCM). These predictions were then used to determine changes in 
the length of the overwintering period of blue crab in the Chesapeake Bay, using 9°C as 
the temperature below which overwintering would occur (Smith, 1997). Specifically, I 
tested the hypothesis that downscaled GCM trends would predict a more significant 
decline in the overwintering period than the decline in the overwintering period predicted 
by the extension of the current trend in the observed water temperature. The length of the 
overwintering period predicted from the extension of the current temperature trend as 
well as downscaled GCM data were both significantly shorter than the length of the 





the overwintering period predicted by the downscaled GCM data was significantly 
shorter than the length of the overwintering period predicted by the extension of the 
current temperature trend. These data were then used to discuss possible population level 
impacts from a decline in the length of the overwintering period (and therefore an 
increase in the length of the growing season) in the Chesapeake Bay in the future. This 
work is currently being compiled as a manuscript for future publication. 
My dissertation research indicates that juvenile blue crab are resilient to the 
potential negative effects of climate change. Crab growth, food consumption, and 
carapace properties responded predictably to increases in temperature. The growth, food 
consumption, carapace thickness, and metabolism of crabs were not significantly affected 
by exposure to extremely high levels of pCO2. A source of this resilience is likely the 
highly variable estuarine environment, where large swings in both temperature and pH 
are the norm. My research also determined that blue crab overwintering behavior will be 
inconsistent in the future, warmer climate of the Chesapeake Bay will process. However, 
blue crab are just one component of the complex food web of the Chesapeake Bay.  
Although not the focus of my dissertation, the impact of other species’ responses to 
climate change on blue crab survival, growth, and reproduction will ultimately determine 







Figure 1.1. Diagram of the blue crab carapace during C4 (inter-molt) phase. From Smith 





Chapter 2: No effect of high pCO2 on juvenile blue crab, Callinectes sapidus, growth 
and consumption despite positive responses to concurrent warming. 
Abstract 
Future climate scenarios predict increases in both ocean temperature and 
dissolved carbon dioxide (pCO2) over the next century. Calcifying invertebrates, 
which depend on specific conditions of temperature and carbonate chemistry for 
many processes, may be especially affected by these changes. In our study, juvenile 
blue crab, Callinectes sapidus, were exposed to one of four temperature/pCO2 
treatments (ambient/low, ambient/high, high/low, high/high) for two complete molts. 
Our study is the first to examine the effect of multiple climate stressors on blue crab 
and therefore basic responses, including the growth per molt (GPM), inter-molt 
period (IMP), and food consumption, were quantified. GPM was not affected by 
either increased temperature or pCO2. Although increased pCO2 did not significantly 
influence the duration of crab IMP, crabs in warm water had significantly shorter IMP 
(10.6±3.1days, (±SD)) than crabs in ambient water (12.5±2.8days). Increased pCO2 
did not significantly affect the amount of food consumed, but crabs in warm water ate 
significantly more food than those in ambient water. These data suggest that the 
impact of warming outweighs the impact of acidification in juvenile blue crab.  The 
effects of these changes on more complex physiological parameters such as 
metabolism and shell chemistry remain to be examined. Additionally, quantifying the 





in crab growth and consumption is important to ensure sustainability of this resource 
in the face of future climatic changes. 
 
Introduction 
Recent projections from the Intergovernmental Panel on Climate Change 
(IPCC)  indicate that by the year 2100 mean global ocean temperature is likely to 
warm by 2.6-4.8°C  and that mean global surface ocean pH is likely to decrease by up 
to 0.3 units (Stocker et al., 2013). The effects of a warming marine environment have 
been studied extensively, largely because the rates of many physiological processes in 
invertebrates and fishes are strongly temperature dependent (Kinne, 1964; Pörtner, 
2002) and this work has become even more relevant in the face of a warming ocean.  
For example, temperature has been observed to directly influence the somatic growth 
rate of crustaceans by shortening the time between molts (Brylawski and Miller, 
2006). Importantly, research has shown that a failure to adapt to warming 
temperatures can have dramatic effects on the sustainability of exploited species 
(Pershing et al., 2015). Ocean acidification (OA) has the potential to have drastic 
system-wide impacts on marine life (Hendriks et al., 2010; Doney et al., 2012; 
Kroeker et al., 2013; Stocker, 2015) and a range of responses to acidified conditions 
have been observed in many marine species, including decapod crustaceans (Pane and 
Barry, 2007; Ries et al., 2009; Long et al., 2013a; Dodd et al., 2015)  
The documented response of crustaceans to declines in pH/increases in pCO2 
have been variable, likely related to life stage and the variety of processes, from ion 





Negative responses to acidification have been observed in the development time of 
larval stages of the spider crab, Hyas araneus, (Walther et al., 2010) and the 
development and growth of juvenile and adult Tanner crab, Chionoecetes bairdi, and 
red king crab, Paralithodes camtschaticus (Long et al., 2013a; Swiney et al., 2015). 
However Carter et al. (2013) observed no effect of acidification on juvenile porcelain 
crab metabolism and energetics and in an examination of the response of 18 benthic 
species to acidification, Ries et al. (2009) observed an increase in the calcification 
rate of adult blue crab, Callinectes sapidus, as measured by changes in buoyant 
weight before and after treatment. The effect of acidification on blue crab found by 
Ries et al. (2009) suggests that the crab in our study may also be effected by 
acidification, although calcification rates were not measured in this study and we 
focused on the juvenile life stage of blue crab, rather than adults.  
While acidification may impact crustaceans in a variety of ways, a primary 
factor in the response of these animals to acidification is likely related to the complex 
processes involved in molting and growth in these animals. Crustacean exoskeletons 
are physiologically active (Roer and Dillaman, 1993; Dillaman et al., 2005) and have 
a structure that provides optimal mechanical strength while still allowing for 
movement flexibility (Roer and Dillaman, 1984; Dillaman et al., 2005; Raabe et al., 
2005; Boßelmann et al., 2007; Chen et al., 2008). Crustaceans display discontinuous 
growth through molting, a process that involves dramatic increases in active ion 
pumping in order to generate osmotic water influx prior to molting (Mangum, 1992) 
as well as the active pumping of calcium and bicarbonate ions after molting in order 





Dillaman, 1993; Dillaman et al., 2005). Therefore, changes in the balance of the 
carbonate system that accompanies ocean acidification may alter the energetic 
requirements for crustacean molting and calcification. This energetic cost could be 
manifested in a variety of ways, including changes in growth and/or consumption. 
Understanding the impacts of increased temperature and pCO2 in estuarine 
ecosystems is important because of the role of estuaries as productive nursery areas 
and because estuarine systems do not respond to changes in these parameters in the 
same manner as the open ocean. In estuarine systems, a combination of tidal influx 
and efflux, low natural salinity and therefore lowered alkalinity, eutrophication from 
wastewater, storm water and agricultural runoff, and high natural productivity and 
respiration cause strong, rapid cycling of pH, leading to episodic acidification of 
estuarine waters (Cai and Wang, 1998; Miller et al., 2009; Doney et al., 2012; Duarte 
et al., 2013; Waldbusser and Salisbury, 2014). The interaction between temperature 
and pH in estuarine ecosystems underscores the importance of studying the combined 
effects of warming and acidification on these ecosystems, especially because multiple 
stressors may interact to produce either antagonistic or synergistic effects (Boyd and 
Hutchins, 2012; Kroeker et al., 2013; Todgham and Stillman, 2013). The Chesapeake 
Bay is the largest estuary in the continental United States and provides nursery and 
other habitats for many species (Wagner and Austin, 1999; Harding and Mann, 2001; 
Orth et al., 2006; Coen et al., 2007; Wingate and Secor, 2008). Although not a focus 
of the current study, the increasing relevance of the Chesapeake Bay hypoxic zone 
has motivated multiple-stressor studies in this region (Aumann et al., 2006; Tanner et 





susceptibility of estuarine species to future climate scenarios. The integral role that 
the blue crab plays in the Chesapeake Bay food web (Baird and Ulanowicz, 1989; 
Eggleston et al., 1992; Hines, 2007; Kennedy et al., 2007; Miller et al., 2011), 
combined with the dearth of existing knowledge on the impact of climate change on 
both estuarine and crustacean species, make it an ideal species for examining the 
effects of climate change in this system.   
Effects of climate change have already been observed for both water 
temperature and pH in the Chesapeake Bay. For example, the water temperature in 
the Patuxent River near Solomons, Maryland has increased approximately 1.5°C 
since 1940 (Najjar et al., 2010) and the climate regime of the Chesapeake Bay could 
be similar to that in present day South Carolina by the year 2100 (Boesch et al., 
2008). The effect of increased atmospheric pCO2 has also been observed in the 
Chesapeake Bay (Miller et al., 2009; Waldbusser et al., 2011b; Waldbusser et al., 
2013), although the time span of these data is much shorter than that available for 
temperature. Our work is relevant to projected future conditions in the Chesapeake 
Bay ecosystem specifically, and to understanding the impact of climate change on 
estuaries generally. 
The primary goal of our study was to determine the independent and 
interactive effects of acidification and warming on the growth and consumption of 
juvenile Callinectes sapidus from the Patuxent River, Chesapeake Bay. We chose to 
examine juveniles because previous work has indicated that this life stage is 
important in regulating overall crab population dynamics (Miller, 2001) and juveniles 





exposed to projected future levels of warming and acidification in the estuarine 
environment in order to quantify impacts of climate change in a more realistic, multi-
stressor environment, using temperature and pCO2 targets determined specifically for 
the estuarine system. Since our study is the first to examine the combined effects of 
warming and acidification on blue crab, we aimed to quantify the effects of these 
stressors on two basic parameters of crab physiology, growth and consumption. The 
two-fold quantification of growth coupled with consumption allowed us to understand 
the impact of both acidification and warming on blue crab physiology, creating a 




Carbonate system parameters 
In order to determine pCO2 treatment targets for this study, data from the 
Chesapeake Bay Program Water Quality Database (CBPWQD) were used to 
determine the maximum pCO2 values experienced in the Patuxent River from 2008-
2012 (MdDNR, 2017). pCO2 was calculated using pH, salinity, and temperature 
measured at three sites in the Patuxent River represented in the CBPWQD and the 
total alkalinity (TA) measured in the experimental system during pilot experiments.  
The mean pCO2 was 3,266.7 ± 818.9 µatm (mean ± standard deviation) during this 
time period. There was a five-fold difference in the observed range of pCO2 values; 
the average minimum pCO2 was 1,237.9 ± 775.0 µatm and the average maximum 





data, 800 µatm was identified as the low treatment level and 8,000 µatm was 
identified as the high pCO2 treatment level for our experiment.   
All pH electrodes were calibrated weekly to a pH of 3 in a 0.25M NaCl 
solution (approximately equal to the molarity of the experimental system) assuming 
Nernstian behavior of the electrodes, which had previously been verified. Since the 
salinity was stable during the course of the experiment (12.42±.75), no correction for 
changes in salinity was employed during this study. Total alkalinity (TA; µmol/kg-
sw) was determined weekly in each experimental tank and three randomly selected 
sample tanks per header tank through two-point Gran titration using 0.1 M 
hydrochloric acid (Edmond, 1970). Accuracy comparisons were performed using 
certified reference materials (Dickson et al., 2003). Water samples collected for 
alkalinity were filtered through 0.45 μm filters and stored in sterilized Pyrex glass 
bottles (Dickson et al., 2007).  pCO2 levels were calculated in each experimental and 
sample tank using the measured pH and total alkalinity data, in addition to recorded 
temperature and salinity, in the software CO2SYS (Lewis and Wallace, 1998). The 
CO2 constants used (K1, K2) were from Mojica Prieto and Millero (2002), the 
protonation constant of bisulfate (HSO4
-) was taken from Dickson (1990), and the 
total borate concentration was calculated from salinity (chlorinity) as per Uppstrom 
(1974).     
 
Experimental setup 
 A controlled laboratory experiment was conducted at the Chesapeake 





the effect of increased temperature and pCO2 on juvenile blue crab growth and 
consumption. A blocked, 2x2 factorial design was employed with pCO2 and water 
temperature as the factors. Figure 2.1 outlines the experimental system employed for 
this study, which was conducted during the summer of 2015 over the course of two 
experimental blocks. Filtered Patuxent River water (sand filtered to approximately 
5µm) flowed into two 100 gallon pre-treatment tanks. Water temperature in each pre-
treatment tank was maintained at either 26°C or 32°C using a combination of heated 
and chilled water. Water in the pre-treatment tanks was vigorously bubbled with 
compressed air in order to reduce the influence of microbial respiration and 
photosynthesis on the CO2 concentration in the water and maintain the pCO2 at 800 
µatm in the pre-treatment tanks. Water from the pre-treatment tanks then flowed 
continuously into eight 35-gallon experimental tanks (labeled A-D in Figure 2.1) at a 
rate adjusted to maintain the desired temperature in each experimental tank.  
Manipulation of pCO2 also took place in each experimental tank. The assignment of 
experimental tanks to both temperature and pCO2 treatment levels was random.  
Experimental tanks were covered with plastic lids to limit the exchange of gases 
between the water and the surrounding air. Each experimental tank contained a glass 
combination pH electrode that monitored and recorded the pH of the water once per 
second. pH in the experimental system was controlled through a “pH-stat” system, 
whereby pH was lowered by a controller to pre-determined set points through the 
controlled addition of CO2 gas. Once gas flow stopped, the continual flow of water 
into the experimental tanks increased the pH thereby reinitiating the flow of CO2 





tank (four experimental tanks total) to achieve the acidified treatment pCO2 target of 
8,000 µatm (Tanks B and D in Figure 2.1) while the low treatment pCO2 remained at 
800 µatm (Tanks A and C in Figure 2.1). This resulted in a full factorial design with 
two levels of replication within each experimental block.   
Treated water from each experimental tank flowed continuously and 
gravimetrically to eleven 2.5-gallon sample tanks. Ten of these sample tanks 
contained an individual crab; the last tank (Food Consumption Tanks in Figure 2.1, 
outlined in textured grey) was used to estimate the food recovery efficiency for our 
consumption measurements (see below for methods). Water from individual sample 
tanks never interacted with water from other sample tanks; sample tank water flowed 
into the drain directly from the tank it entered. Crab were kept in individual tanks in 
order to minimalize cannibalism and accurately determine inter-molt period. Sample 
tanks were also covered with plastic lids in order to limit the exchange of gases 
between the water in the tanks and the surrounding air. pH was determined once daily 
in each sample tank using an Orion Ross double junction refillable glass electrode.  
Temperature (°C) and salinity were recorded once daily in the pre-treatment and 
experimental tanks using a YSI Pro-plus meter.   
 
Crab collection and measurements 
Juvenile blue crab (30-35 mm carapace width) were collected at night from 
the CBL pier, located at the mouth of the Patuxent River, Maryland, by catching 
tidally migrating animals. Crabs were transferred to holding tanks containing filtered 





bay scallops) prior to experimentation. After the acclimation period, initial carapace 
width (mm) was determined using vernier calipers and the mass (mg) determined for 
each crab. Individual crabs were then randomly assigned to sample tanks and 
monitored until they had completed two molts.   
Crab growth per molt (GPM) was determined after each molt event as the 
increase in crab carapace width (mm) and was later calculated as percent change in 
growth. The carapace width of newly molted individuals was determined after three 
days, to allow the crab to fully harden. Inter-molt period (IMP) was determined as the 
number of days between observed molting events.   
Crab were provided with pre-weighed food (frozen bay scallop) each morning 
and food was left in the sample tank for a period of 24 hours. Crab were provided 
with new food immediately after the old food was removed, to ensure food was 
always available to each crab. Food consumption was determined for each crab after 
feeding events by collecting the food remaining in the sample tanks once daily.  
Consumption was determined as the difference in wet mass (mg) between the initial 
weight of the food and the weight of the food after it had been in the tank for 24 
hours. The amount of food consumed was normalized for crab mass by determining 
the percent of crab mass consumed by each crab each day. Food recovery efficiency 
was accounted for each day by determining the difference in wet mass (mg) between 
the initial weight of food and the weight of food after it had been in a tank without a 
crab for 24 hours. The correction for food recovery efficiency was incorporated into 
the consumption data for each temperature/pCO2 replicate, using the appropriate daily 







Data are presented as mean ±SD by temperature/pCO2 treatment.  All analyses 
were conducted in R (version 3.2.2 --  R Core Team, 2015) using R-Studio (version 
0.98.1103). An α level of P < 0.05 was used for all analyses. Experimental data were 
analyzed as a full factorial design, with two levels of both temperature and pCO2.  
Analysis of Variance (ANOVA) using type II sum of squares was used to test for the 
effects of temperature, pCO2, and their interaction on each response variable. To 
assure the data met the assumptions of ANOVA, data were visually assessed for 
normality and then analyzed using the Shapiro-Wilk normality test. Equality of 
variance was assessed by examining plots of residuals by predicted values for any 
patterns. In order to accurately represent the experimental design, temperature and 
pCO2 were treated as fixed effects, and block and experimental tank were treated as 
random effects. Response variables included growth per molt (GPM) after molt 1 
(mm), GPM after molt 2 (mm), inter-molt period (IMP; days), and consumption (% of 
crab mass). Significance of fixed effects and their interactions was assessed using the 
Anova function on linear, linear-mixed effects models using the car (Fox and 
Weisberg, 2010) and nlme packages (Pinheiro et al., 2015). When the analysis 
indicated no significant interaction between the effects of temperature and pCO2, the 
model was rerun without the interaction term in order to improve the power of tests of 







Carbonate system parameters 
 Table 2.1 presents the principal parameters of the carbonate system for each 
temperature/pCO2 treatment combination. Much of the variability present in the pCO2 
concentrations was due to the high cycling present in estuarine ecosystems and in our 
experimental control system. The experimental control system maintained clear 
differences among all temperature and pCO2 treatments throughout the experiment, 
while maintaining consistent TA among all treatments (Figure 2.2; Table 2.1). Total 
alkalinity titrations were accurate to 0.20% as compared to certified reference 
materials (Dickson et al., 2003).   
 
Crab growth 
The crabs experienced no mortality during the course of the experiment; all 
160 crabs molted at least once and survived for the duration of the experiment. The 
average growth per molt (GPM) for crabs in our experiment was 7.3 ± 2.0mm (22.4 ± 
6.1%) after the first molt and 8.9 ± 2.2mm (22.6 ± 5.4%) after the second molt. A 
two-way ANOVA indicated no significant temperature/pCO2 interaction on growth 
per molt for either the first (F=0.855, P=0.375) or second (F= 0.081, P=0.782) molt, 
and therefore main effects were considered.  There was no significant effect of 
temperature or pCO2 on GPM after the first (Temperature: F=0.336, P=0.574; pCO2: 
F=0.294, P=0.599) or second (Temperature: F=0.828, P=0.382; pCO2: F=0.442, 





 The duration of crab inter-molt period (IMP) was affected by increased 
temperature, but increased pCO2 had no significant effect on the length of crab IMP 
(Figure 2.3). A two-way ANOVA indicated no significant temperature/pCO2 
interaction (F=2.379, P=0.151), and therefore main effects were considered.  
Although increased pCO2 did not significantly affect the duration of crab IMP 
(F=0.547, P=0.475), temperature did have a significant effect on the duration of crab 
IMP (F=8.200, P=0.002). The IMP of crab in the warmer treatment was almost 2 
days (8.5%) shorter than the IMP of crab in ambient treatment (IMP=10.6±3.1 and 
12.5±2.8 days for warm and ambient temperatures, respectively).   
 
Crab consumption 
Similar to the IMP data, the amount of food crab consumed was affected by 
increased temperature, but increased pCO2 had no significant effect (Figure 2.4). A 
two-way ANOVA indicated no significant temperature/pCO2 interaction (F=2.838, 
P=0.120), and therefore main effects were considered. Although increased pCO2 did 
not significantly affect the amount of food crab consumed (F=0.251, P=0.626), 
temperature was found to be a significant driver of the amount of food eaten 
(F=9.342, P=0.007). Crabs in warm water ate almost 4% more food (as a percentage 
of crab body mass) than crabs in ambient water (Consumption=24.3±8.0% and 







 Our study shows that juvenile blue crab may be able to mitigate some of the 
potential negative effects of increased temperature and pCO2. Our data indicate that 
when juvenile blue crab are exposed to increases in both temperature and pCO2, the 
effect of temperature is present in the absence of any effect of pCO2. The effect of 
temperature we observed was characteristic of ectothermic animals, in as much as 
increased temperature led to a significant increase in crab growth rate, brought about 
by a decrease in the inter-molt period. Furthermore, our results show that the 
observed increase in growth rate caused a significant increase in the consumption of 
food. Additionally, the crabs experienced no mortality throughout the course of the 
experiment, further underscoring their robustness in the face of increased temperature 
and pCO2. Together, these results highlight the tolerance of juvenile blue crab to 
acidification and indicate that crab growth and consumption will respond predictably 
to projected future increases in temperature, regardless of projected changes in pCO2. 
Although the response of blue crab to increases in temperature is well 
characterized (Brylawski and Miller, 2006), the effect of the combined stress of 
increased temperature and pCO2 had not previously been examined in this species.  
Therefore, our study was designed to push individuals to their limits to determine if a 
response to acidification existed, while still exposing the animals to realistic, future 
levels of both acidification and warming. Our data analysis methods were specifically 
designed to account for pseudoreplication as identified by Hurlbert (1984) and more 
recently by Cornwall and Hurd (2015). In order to accommodate the large range of 





treatment level (8,000 µatm) was ten times higher than our low treatment level (800 
µatm). Considering the severity of the high pCO2 treatment level combined with the 
large difference between pCO2 treatments, we believe that our experiment was 
adequate to measure the effect of increased pCO2, if such an effect existed on juvenile 
crab growth and/or consumption. In this light, the absence of a significant effect of 
pCO2 treatment on juvenile crab growth or consumption in our results indicates a lack 
of response of blue crab to this stressor, rather than an inadequate experimental 
design. 
The absence of a response to increased pCO2 of juvenile blue crab in this 
study may be related to the ability of estuarine species to tolerate a high level of 
environmental variability. Much of the existing research on OA effects on decapod 
crustaceans has been conducted in the marine environment (Walther et al., 2009; 
Carter et al., 2013; Long et al., 2013a; 2013b; Swiney et al., 2015; Long et al., 
2016a), which maintains a pCO2 that is much more stable than levels found in the 
estuarine environment. However, little work has been done to quantify the response 
of estuarine crustaceans to multiple climate stressors (but see Walther et al., 2010), 
despite the ecological and economic importance of these species as well as mounting 
evidence of non-linear effects in multiple stressor studies (Boyd and Hutchins, 2012; 
Kroeker et al., 2013; Todgham and Stillman, 2013). The estuarine environment of the 
juvenile blue crab is highly variable for many environmental parameters 
(temperature, salinity, dissolved oxygen, and pH at scales of hours, days and months) 
and animals that live in this environment must be capable of survival and growth 





make it difficult to determine the significance of effects, the plasticity of response of 
blue crab in our study suggests that individuals have the capacity to thrive in a variety 
of conditions. This plasticity may be advantageous to this population in the face of 
future climate changes and further studies on the impact of climate change on 
estuarine crustaceans may help to clarify the role of environmental variability in 
apparent resistance to climate change in this phylum. 
Crustaceans initially form their new carapace inside of the old one, utilizing 
their impressive ability to precisely control internal ion concentrations to create an 
environment well-suited to shell formation under a variety of external conditions 
(Wheatly, 1985; Smith and Chang, 2007). Due to the increase in hydrogen ion 
concentration concurrent with the acidification of seawater, animals in acidic 
environments must counteract a less favorable proton gradient when converting 
bicarbonate to carbonate in order to form their shells, increasing the energetic cost of 
shell creation and maintenance in acidic environments. However, blue crab molt and 
thrive in a variety of external conditions and experience large variability in many 
environmental parameters, including temperature, salinity, pH, and dissolved oxygen. 
Estuarine crustaceans, such as the blue crab, have the favorable combination of highly 
efficient ion regulation to counteract large swings in external conditions in addition to 
the formation of the new carapace inside of the protection of the old one. These 
mechanisms may have contributed to the ability of the crabs in our study to maintain 
growth rates in the face of increased pCO2, but do not address the large impact of 
temperature on the growth of crabs, which was significant despite crabs being 





 Although the data from our study indicate that juvenile blue crab in highly 
acidified conditions can maintain levels of growth and consumption equal to that of 
crab in control conditions, there may be other negative effects of acidification that 
were not detected in this study. For example, the effect of acidification may be 
detectable through changes in metabolic rate and/or influences on internal pH of crab 
hemolymph, as crabs in acidic water may need to shift metabolic energy in order to 
compensate for the changes in water chemistry concurrent with acidification. This has 
been observed in allocation of metabolic energy in larval sea urchin, 
Strongylocentrotus purpuratus, exposed to acidification, paired with the absence of 
effects on more global parameters such as growth (Pan et al., 2015). Additionally, 
Meseck et al. (2016) observed a tradeoff between maintaining defense mechanisms 
and energy towards reproduction in Tanner crab, Chionecetes tanneri, exposed to 
acidified conditions for two years, despite the absence of an impact on overall 
hemolymph pH. Similarly, Pane and Barry (2007) observed a negative effect of short 
term hypercapnia-induced acidosis on acid-base regulatory capacity. Quantification 
of these physiological parameters, such as metabolic rate, will provide a more 
complete picture of the impact of acidification on juvenile blue crab.   
The impact of environmental stressors may also depend on when during the 
molt cycle response variables are quantified. Crab are in intimate contact with their 
external environment during the molt event. In addition to increased interaction with 
external conditions due to the lack of a fully calcified cuticle during molting, crabs 
also vigorously pump water into their new, larger body cavity during the molt event 





concentration of seawater associated with acidification may affect the ability of crabs 
to maintain acid-base balance disproportionately during the molt event, rather than 
during the inter-molt period once pumping rates have slowed. Quantification of the 
metabolic rate of molting crab as well as crab that are in inter-molt may lead to a 
greater understanding of the influence of molt stage on the apparent resistance of 
juvenile blue crab to acidification. We suggest experiments to quantify the metabolic 
response throughout the molt cycle of blue crab to OA are of a high priority. 
 We observed a high level of individual variability with regards to both growth 
rate (inter-molt period) and food consumption in this study and the magnitude of this 
variation likely has important biological consequences. For example, an especially 
large range was observed in the inter-molt period (IMP) data, where the minimum 
and maximum duration of IMP for individual crab within a single treatment differed 
by 11-12 days. A change in inter-molt period this large would have profound effects 
on individual crabs, considering that the average inter-molt period of crabs in this 
study was 11.6 days. Although the identification of the source of this variation was 
outside the scope of this study, a combination of the genotypic and phenotypic 
variation inherent in the traits of many estuarine species may be at play here. 
Differences in growth rate of this magnitude, scaled to the crab life cycle, could have 
a significant influence on the growth and maturation of blue crab in the Chesapeake 
Bay, and are ideal for examination through individual-based modeling techniques.   
 Blue crab plays an important role in the food web of the Chesapeake Bay, 
serving as prey for an array of species in addition to aggressively consuming many 





blue crab, including benthic bivalve species, have displayed slowed growth and/or 
calcification rates in the face of acidification (Michaelidis et al., 2005; Berge et al., 
2006; Waldbusser et al., 2011a; 2011b; Parker et al., 2012), making these prey more 
vulnerable to predation. Our results indicate that crabs will be larger as water 
temperatures increase and these larger crabs will need to consume more food in order 
to sustain higher growth rates. Therefore, in the warmer, more acidic conditions of the 
future, larger crabs with increased energetic demands may be targeting more 
vulnerable prey. However, the extension of our laboratory results to crabs in the field 
should be applied with caution, as the results from studies on the impact of 
acidification on predator-prey interactions in crustaceans are mixed. Additionally, this 
potential increase in food consumption may come at a cost to crab survival as crabs 
venture out of protected areas more frequently to feed (Lipcius et al., 2003; Lipcius et 
al., 2007). Another tradeoff of increased growth in warmer environments could be 
that while crabs will reach a size refuge from predation faster in warmer water, the 
increased molting frequency at which this would be achieved will place crabs in the 
more vulnerable state of preparing for, completing, and recovering from the molt 
event more frequently than if the crabs grew at a slower rate. An approach to 
understanding the influence of these factors on an ecosystem level are large scale 
modelling efforts that can capture the dynamic nature of species interactions in a 
changing environment. We believe that incorporating the data from this study into a 
larger ecosystem model would be a useful extension of this work.  
Our data show no effect of acidification on the growth and consumption in 





conditions. These results suggest that juvenile blue crab may not be as susceptible to 
the potential negative consequences of climate change observed in other species.  A 
recent theme issue in the ICES Journal of Marine Science titled “Towards a Broader 
Perspective on Ocean Acidification Research” acknowledged the bias in the 
published literature towards studies showing statistically significant effects of climate 
change as well as the paucity of multi-stressor climate studies (Browman, 2016), 
although many studies in that volume addressed those issues  (e.g., Campanati et al., 
2015; Schram et al., 2015; Vicente et al., 2015; Zhang et al., 2015). As the first to 
examine the effect of multiple climate stressors on blue crab, our study focused on 
large-scale, whole-animal response variables in order to gain information on the 
impact of climate change on blue crab. Although no large-scale effects of 
acidification were observed in our study, this does not mean that crabs are not 
influenced in some way by the dramatic changes in water chemistry that will occur in 
projected future climate scenarios. Understanding the role that climate-induced 
changes in the blue crab population may have in the complex ecosystem dynamics of 
the Chesapeake Bay ecosystem is vital to our ability to protect and manage this 





Table 2.1. Mean and standard deviation of carbonate system parameters for the duration of the experiment, by block and 
temperature/pCO2 treatment. Temperature and salinity were measured daily, pH was measured once per second, and TA (total 
alkalinity) was measured weekly. 
      Temperature (°C) Salinity (ppt) pH (Total Scale) TA (µmol/kg-sw) pCO2 (µatm) 
Block Temp pCO2 Mean SD Mean SD Mean SD Mean SD Mean SD 
1 
Amb 
Amb 26.0 1.0 12.8 0.3 7.69 0.11 1,420.3 41.5 855.1 22.7 
High 26.0 1.0 12.8 0.3 6.70 0.10 1,431.7 42.1 8,749.3 172.7 
High 
Amb 31.7 0.9 12.7 0.3 7.69 0.11 1,417.7 42.2 843.4 22.8 
High 31.6 0.9 12.7 0.3 6.72 0.05 1,430.8 42.7 8,172.5 98.3 
2 
Amb 
Amb 26.4 0.4 11.8 0.7 7.71 0.12 1,407.6 28.8 807.6 24.4 
High 26.4 0.5 11.8 0.7 6.70 0.08 1,407.4 20.5 8,605.7 142.6 
High 
Amb 31.7 0.3 11.8 0.7 7.69 0.14 1,411.4 30.6 871.1 63.6 






Figure 2.1. Schematic of experimental system used in this study, which was run over 
two blocks ensuring 4 independent replicates of each temperature/pCO2 treatment 
combination. Pre-treatment tanks (100 gallons) were filled with Patuxent River water 
and maintained at either 26°C or 32°C using a combination of heated and chilled 
water and vigorously bubbled with compressed air. Water from the pre-treatment 
tanks then flowed continuously into eight 35-gallon experimental tanks (tanks A-D) 
where manipulation of pCO2 took place. Each experimental tank contained a glass 
combination pH electrode that monitored and recorded the pH of the water once per 
second. Manipulation of pCO2 occurred in tanks B and D, acidifying the water in 
those tanks to 8,000 µatm while the pCO2 in tanks A and C remained at 800 µatm. 





eleven 2.5-gallon sample tanks. Ten of these sample tanks contained an individual 
crab and the last tank in each line (outlined in textured grey) was used to estimate the 
food recovery efficiency for our consumption measurements. Water from individual 
sample tanks never interacted with water from other sample tanks; sample tank water 






Figure 2.2. Mean pCO2 in experimental tanks by temperature/pCO2/replicate for the 
duration of the experiment. Line thickness distinguishes between pCO2 treatments 
(thick=high, thin=ambient). Dashed lines are ambient temperature and solid lines are 






Figure 2.3. Inter-molt period (days) of blue crab by temperature/pCO2 treatment.  
Dots represent individual observations of inter-molt period. Solid dark line represents 
the median of each treatment combination, boxes represent inter-quartile range, 
whiskers represent the sum of 1st (lower whisker) or 3rd(upper whisker) plus 1.5 times 
the inter-quartile range. Crabs in high temperature water had significantly shorter 
inter-molt periods (P=0.002) than crabs in ambient temperature water, regardless of 






Figure 2.4. Consumption (% of crab mass) of blue crab by temperature/pCO2 
treatment.  Dots represent the mean consumption of individual crabs over the course 
of the experiment. Solid dark line represents the median of each treatment 
combination, boxes represent inter-quartile range, whiskers represent the sum of 1st 
(lower whisker) or 3rd (upper whisker) plus 1.5 times the inter-quartile range. Crabs in 
high temperature water ate significantly more food (P=0.007) than crabs in ambient 










Chapter 3: Counteractive effects of increased temperature and pCO2 on the thickness 
and chemistry of the carapace of juvenile blue crab, Callinectes sapidus, from the 
Patuxent River, Chesapeake Bay. 
 
Abstract 
Exoskeletons are central to the physiology and survival of marine 
invertebrates, but future acidification and warming of the marine environment may 
affect invertebrate’s exoskeletons through changes in the carbonate system and the 
processes of shell formation. Thus it is important to consider the impacts of a 
changing climate on the functionality of the exoskeleton in these species.  In this 
study, juvenile blue crab, Callinectes sapidus, from the Chesapeake Bay were 
exposed to increased temperature and pCO2 in a 2x2 factorial design for a period of 
two molts (approximately 30 days). Treatment levels were chosen to represent current 
(26°C and 800 µatm CO2) and predicted future conditions in the year 2100 (32°C and 
8,000 µatm CO2) in the Chesapeake Bay. Thickness was determined by light 
microscopy and carapace calcium (Ca) magnesium (Mg) content were determined by 
Inductively Coupled Plasma – Atomic Emission Spectrometry. All Ca and Mg in the 
carapace were assumed to be present in the form of high-magnesium calcite (HMC, 
presented at weight percent). The carapaces of juvenile blue crab exposed to 
increased temperature were significantly thinner and had significantly less weight 
percent HMC than the carapaces of crabs exposed to ambient temperatures. Increased 
pCO2 significantly increased the weight percent HMC but a significant increase in 





temperature and pCO2 on weight percent HMC underscores the importance of 
determining the effects of multiple stressors in studies that quantify the impacts of 
environmental stressors. Combined with the knowledge of the influence of 
temperature and pCO2 on crab growth, the results from this study indicate tradeoffs 
between carapace thickness and chemistry with growth in juvenile crab exposed to 




Understanding the response of species to a changing climate is critical to 
determining the dynamics of the marine environment in the future.  Recent IPCC 
scenarios predict that ocean pH will decrease by 0.3 units and ocean surface 
temperatures will increase by 2.6-4.8°C by the year 2100 (Caldeira and Wickett, 
2003; Orr et al., 2005; Stocker et al., 2013).  These changes in the marine 
environment may especially impact marine invertebrates with exoskeletons that 
contain calcium carbonate. The exoskeleton is critical for protection from predators 
(Boßelmann et al., 2007), control of the chemistry of the internal environment (Roer 
and Dillaman, 1984), resistance to mechanical loads (Fabritius et al., 2012), 
attachment for musculature to facilitate swimming and gill movement in mobile 
marine invertebrates, and attachment to substrate for sedentary invertebrates 
(Vincent, 2002; Smith and Chang, 2007). Both acidification and warming of the 
marine environment may affect the invertebrate exoskeleton through changes in the 





impacts on the strength of ion gradients necessary for shell formation. Considering 
the role that the exoskeleton plays in the survival of marine invertebrates, it is 
important to consider the impacts of a changing climate on the functionality of the 
exoskeleton in these species. 
Changes in the chemistry of the marine environment due to acidification and 
warming may be manifested in a variety of ways. One of the consequences of 
acidification is a decline in carbonate ion concentration. As the water acidifies, the 
saturation state of calcium carbonate will decline, moving towards a state in which 
dissolution of calcium carbonate is favored, creating a more adverse environment for 
shell formation (Gazeau et al., 2007). Additionally, acidification of water (the 
increase in hydrogen ions) may impact the strength of ion gradients utilized during 
the shell formation process (Roer and Dillaman, 1984; Orr et al., 2005). However, the 
solubility of calcium carbonate is also affected by temperature. Increasing 
temperature causes the solubility of calcium carbonate to decrease (i.e., make 
dissolution less likely), although the effect of temperature on the solubility of calcium 
carbonate species is small compared to the effect of acidification (Brezonik and 
Arnold, 2011). Temperature may also impact the thickness of the exoskeleton, since 
the kinetics of carapace formation are largely governed by external temperature, as is 
the case with many physiological processes in marine invertebrates (Kinne, 1964). 
The possible interaction between the effects of increased temperature and pCO2 on 
the exoskeleton of marine invertebrates underscores the importance of quantifying 





Much of the existing work on the effect of climate change on the exoskeletons 
of invertebrates has been conducted under acidic conditions on species where calcium 
carbonate is found in the form of calcite or aragonite. Shell dissolution under acidic 
conditions has been observed in many taxa, from tropical corals (Kleypas et al., 1999; 
Hoegh-Guldberg et al., 2007; Anthony et al., 2008) to coccolithophores (Riebesell et 
al., 2000; Iglesias-Rodriguez et al., 2008), pteropods (Orr et al., 2005; Lischka et al., 
2010), and oysters (Gazeau et al., 2007; Miller et al., 2009; Waldbusser et al., 2011b). 
However, there is less information on the response to increases in pCO2 in species 
where calcium carbonate is found in the form of high-magnesium calcite, such as 
crustaceans. Unlike exoskeletons composed mainly of calcite or aragonite, the 
exoskeleton of crustaceans are complex biological composite materials composed of 
chitin and protein fibers, and high-magnesium calcite crystals with small amounts of 
amorphous calcium phosphate (Roer and Dillaman, 1984; Boßelmann et al., 2007; 
Ries, 2011). These crystals are incorporated into chitin-protein fibers that are 
arranged in a multi-layered structure  (Raabe et al., 2005; Chen et al., 2008). This 
complex structure provides the strength necessary to protect the animal from both 
predators and the external environment while also allowing for the flexibility to 
periodically shed the exoskeleton to grow through molting. In contrast to the 
dissolution observed in species with calcite or aragonite exoskeletons, increased 
calcification rates have been observed in some crustacean species exposed to 
acidified conditions, including crab (Ries et al., 2009; Long et al., 2013a), shrimp 





crustacean exoskeleton underscores the necessity to examine the impact of 
environmental changes on the exoskeleton of these species in detail.    
 The mineralogy of the crustacean carapace has been examined using a variety 
of techniques to understand how the carapace changes in response to various stressors 
(Dillaman et al., 2005; Boßelmann et al., 2007; Ries, 2011; Long et al., 2013b). Ries 
(2011) determined that over 97% of the carapace of adult blue crab is high-
magnesium calcite at a variety of acidities using X-ray diffraction (XRD).  XRD is 
effective for distinguishing relative abundances of calcium carbonate minerals and 
polymorphs (e.g., calcite, aragonite, high-magnesium calcite), but the absolute 
concentration of the individual calcium carbonate polymorphs (including amorphous 
phases) is difficult to quantify. Inductively coupled plasma atomic emission 
spectrometry (ICP-AES) has been used to examine the elemental content of a variety 
of calcifying species with very high precision, from Ca, Mg, and Sr in coral (Deng et 
al., 2010) to Cd, Ni, Hg, and Pb in crab (Hamilton et al., 2008; Mutlu et al., 2011). 
Since the crustacean cuticle gains much of its strength from calcium carbonate 
(Jordaens et al., 2006; Amato et al., 2008; Fabritius et al., 2012), it is important to 
quantify the variability in the calcium carbonate content of the carapace in response 
to climate change. Recently, Coffey et al. (2017) used electron dispersive 
spectroscopy to examine the microstructure of the carapace of juvenile red and blue 
king crab and found no connection between elemental composition and hardness in 
the carapaces of crabs exposed to increased temperature and pCO2. 
Although the protection provided by a thick, heavily calcified carapace may 





is also energetically costly. The molting process in blue crab involves the active 
transport of various ions out of and into the cuticular space in order to allow for the 
formation of the new cuticle inside the animal while still maintaining optimal internal 
hemolymph chemistry (Roer and Dillaman, 1984; Roer and Dillaman, 1993). 
Therefore, tradeoffs may exist between the many energy-intensive processes that 
must occur after molting and the creation of an optimal exoskeleton. For example, in 
juvenile blue crab, rapid growth is prioritized for the crab to achieve a size refuge 
from predation as quickly as possible (Hines, 2007), possibly at the expense of shell 
thickness or strength. Long et al. (2013b) observed a tradeoff between condition 
index and calcium content in red king crab (Paralithodes camtschaticus) and Tanner 
crab (Chionoecetes bairdi) exposed to acidified conditions. Acidification did not 
impact the calcium content of red king crab carapaces but the condition index did 
decrease. Conversely, Tanner crab condition index remained unchanged while 
calcium content decreased when crab were exposed to acidified conditions.   
The objective of this study was to examine the impact of increased water 
temperature and pCO2 on the carapace thickness and chemistry of juvenile blue crab 
in the context of possible tradeoffs between crab growth dynamics and exoskeleton 
functionality in a changing climate. We chose to examine the impact of climate 
change on the exoskeleton of juvenile blue crab, Callinectes sapidus, because of the 
lack of existing knowledge on the impacts of climate change on estuarine crustaceans 
and their economic and ecological importance (Baird and Ulanowicz, 1989; Kennedy 
et al., 2007). Glandon and Miller (2017) exposed juvenile blue crab to realistic future 





increased pCO2 on the growth and food consumption, despite positive responses to 
concurrent warming.  Here we examine the consequence of these exposures to the 
chemistry and thickness of juvenile blue crab exposed to changes in temperature and 
pCO2         
 
Methods 
Experimental setup and specimen selection 
 Specimens for carapace structure and mineralogy were obtained from animals 
exposed to increased water temperature and pCO2, as described in Glandon and 
Miller (2017). Briefly, a flow-through experimental tank system was constructed 
using Patuxent River water at the Chesapeake Biological Laboratory. Juvenile blue 
crab (30-40 mm carapace width) were exposed to a 2x2 temperature x pCO2 factorial 
experimental design for a period of two molts (approximately 30 days). Each 
treatment was replicated twice in each of two experiment blocks. Treatment levels 
were chosen to represent current summer conditions in the Chesapeake Bay (26°C 
and 800 µatm) and predicted future conditions in the year 2100 (32°C and 8,000 
µatm). Temperature was manipulated through a combination of heated and chilled 
seawater. pCO2 was manipulated with the addition of CO2 gas into aquaria mediated 
by a “pH-stat” system, whereby pH was lowered by a controller to pre-determined set 
points. At least 10 crab were maintained individually at each treatment combination. 
Once each individual crab reached the inter-molt phase of the molt cycle (stage C4; 
Freeman et al., 1987) after its second molt, it was immediately frozen at –20°C for 





treatment per experimental block (total n = 64), were analyzed for both carapace 
thickness and elemental concentrations (g per g dry carapace) of calcium (Ca) and 
magnesium (Mg).   
 
Carapace thickness  
 Selected specimens were thawed and the dorsal carapace was fully removed 
from the remaining carcass. Dorsal carapace pieces were manually cleaned of any 
residual tissue and dried to constant weight at 60°C. To minimize the effects of 
differences in thickness due to location on the carapace (Waugh et al., 2009), samples 
were taken from a standardized location on each crab. One millimeter square sections 
of the central portion of the dorsal carapace (location A in Figure 3.1) were removed 
for thickness analysis.   
Following the methods of Waugh et al. (2009) and Secor et al. (1992), 
carapace sections were prepared for examination by light microscopy. Carapace 
sections were embedded in EpoFix cold-setting epoxy resin (Struers Inc., Cleveland, 
Ohio) blocks and allowed to cure for at least 24 hours at room temperature. Epoxy 
blocks were then thin-sectioned using an Isomet low-speed diamond saw (Buehler, 
Lake Bluff, Illinois) and thin sections mounted onto a slide for further polishing.  
Thin section slides were polished using alumina powder through a series of three 
polishing papers: 320 grit, 1200 grit, and finally a microcloth fine polishing pad in 
order to obtain maximum clarity of the carapace section. Thin section slides were 
photographed under light microscopy at 100x magnification and the thickness of the 





ImageJ software (Rasband, 2012). Exocuticle thickness was determined as the 
difference between whole cuticle thickness and endocuticle thickness. Figure 3.2 
shows a section of carapace mounted and viewed under light microscopy, with the 
endocuticle and exocuticle layers clearly visible. 
 
Carapace calcium (Ca) and magnesium (Mg) analysis 
A 200 mg portion was taken from location B on the dried carapace (Figure 
3.1) for ICP-AES analysis. Each ~200 mg carapace sample was dissolved in 8 mL of 
16 N nitric acid in a Milestone Ethos EZ microwave digester, in Teflon vessels with 
quartz inserts. A mixture of 30% H2O2 and Milli-Q water was placed in the Teflon 
vessels outside the inserts. Each vessel was linearly ramped to 200°C in 10 min, then 
held at 200°C for 10 min, and finally cooled under forced air for about 80 min until a 
safe temperature of <50°C was attained. Upon cooling, the contents of the quartz 
inserts were transferred to 30-mL Teflon vials and diluted 250-fold with Milli-Q 
water in 15-mL centrifuge tubes before analysis. Cation determinations were made on 
the dilute solutions using a Perkin-Elmer Optima 8300 ICP-AES. Calibration 
standards were made gravimetrically in trace metal grade 2% nitric acid by 
combining certified standards of known Mg, Ca, and Sr concentrations in proportions 
to match those of a typical crab, as determined by a trial run using standard methods 
for measuring these elements in coral skeletal material (Schrag, 1999). Accuracy and 
precision were determined by measuring, alongside the crab samples, an in-house 
gravimetric standard solution and in-house coral solution with known Mg, Ca, and Sr 





AES and Thermal Ionization Mass Spectrometry methods. Analytical precision is 
estimated to be ±1.6% (1 sigma) relative standard deviation (RSD) for Ca and 4.6% 
(1 sigma) RSD for Mg, based on 30 determinations of the coral standard solution, 
with similar values obtained for the gravimetric standard. Accuracy was within 1% 
for both elements based on the same standards. The relatively high uncertainty for Mg 
is due to its low concentrations relative to Ca and instrument drift over the course of 
each run.  
Elemental concentrations were expressed as mg/g carapace dry weight. It is 
assumed that all Ca and Mg found in the carapace are present in the form of-high 
magnesium calcite (HMC), based upon the findings of Ries (2011) and the molar 
ratio of Ca:Mg in the samples being typical of HMC (~3-4% MgCO3; Reeder, 1983; 
Morse et al., 2006), indicating no significant organic source of Ca or Mg in the 
carapace. Our calculations do not quantify the type of crystal structure the Ca and Mg 
form within the carapace. HMC was determined from elemental concentrations of Ca 
and Mg. The total number of moles of Ca and Mg were determined from elemental 
concentrations and then summed to determine the number of moles of carbonate. The 
elemental concentration of carbonate was determined from the moles of carbonate. 
Elemental concentration of HMC was determined as the sum of the elemental 
concentrations of Ca, Mg, and carbonate. HMC is presented as percentage by weight 







Data are presented as mean ± standard deviation by temperature/pCO2 
treatment. However, experimental data were analyzed as a full factorial design, with 
two levels of both temperature and pCO2. All analyses were conducted in R (version 
3.2.2 --  R Core Team, 2015) using R-Studio (version 0.98.1103). An alpha level of P 
< 0.05 was used for all analyses. Analysis of Variance (ANOVA) using type II sum 
of squares was used to test for the effects of temperature, pCO2, and their interaction 
on each response variable. In order to accurately represent the experimental design, 
temperature and pCO2 were treated as fixed effects, and block and experimental tank 
were treated as random effects. Response variables included total carapace thickness 
(mm), endocuticle layer thickness (mm), exocuticle layer thickness (mm), carapace 
calcium content (mg/g dried shell), carapace magnesium content (mg/g dried shell), 
weight percent HMC in the carapace, and the molar ratio of calcium to magnesium in 
the carapace. Significance of fixed effects and their interactions was assessed using 
the Anova function on linear, linear-mixed effects models using the car (Fox and 
Weisberg, 2010) and nlme packages (Pinheiro et al., 2015). When the analysis 
indicated no significant interaction between the effects of temperature and pCO2, the 
model was rerun without the interaction term in order to improve the power of tests of 








 The carapace thickness of 64 individual blue crab was determined for this 
study. Table 3.1 shows the sample size, mean, and standard deviation of the whole 
cuticle, endocuticle, and exocuticle thickness of the crabs by temperature x pCO2 
treatment. A two-way ANOVA indicated no significant temperature x pCO2 
interaction (P>0.05) on whole cuticle, endocuticle, and exocuticle thickness, and 
therefore main effects of temperature and pCO2 were considered. The ANOVA 
indicated an effect of temperature on whole cuticle thickness (P=0.052), but no 
significant effect of pCO2 on whole cuticle thickness (P=0.118). The carapaces of 
crabs in high temperature water (0.283±0.058 mm) were thinner than the carapaces of 
crabs in ambient temperature water (0.310±0.051 mm), regardless of pCO2 treatment 
(Figure 3.3). The ANOVA indicated that neither temperature nor pCO2 had a 
significant effect on the thickness of the endocuticle or the exocuticle (P>0.05 for all 
tests), despite the observed effect of temperature on whole cuticle thickness. 
 
Carapace calcium (Ca) and magnesium (Mg) content 
 The calcium and magnesium content (mg/g dried carapace) of 64 individual 
crabs were determined for this study. Table 3.2 shows the number, mean, and 
standard deviation of the concentration of each element found in the carapace of blue 
crab by temperature x pCO2 treatment. Percent high-magnesium calcite (HMC), 
calculated from the concentrations of calcium and magnesium observed, and the 





A two-way ANOVA indicated no significant temperature x pCO2 interaction 
(P>0.05) on carapace calcium content, and therefore main effects of temperature and 
pCO2 were considered. The ANOVA indicated a significant effect of temperature on 
carapace calcium content; the carapaces of crabs in high temperature water contained 
significantly less calcium than the carapaces of crabs in ambient temperature water 
(P=0.00016; high temperature mean = 253.2±8.8 mg/g, ambient temperature mean = 
261.1±8.3 mg/g). Figure 3.4 shows the mean carapace calcium content by 
temperature treatment. Although a trend of decreasing carapace calcium content was 
observed in carapaces of crabs exposed to high pCO2 compared to the carapaces of 
crab exposed to ambient pCO2, the ANOVA indicated that it was not significant 
(P=0.064).   
A two-way ANOVA indicated a significant temperature x pCO2 interaction on 
carapace magnesium content (P=0.025), therefore pCO2 effects were considered at 
each temperature level separately. The effect of increased pCO2 was significant at 
both ambient and high temperature (P=0.003 and 1.05x10-6 for ambient and high 
temperatures, respectively); the carapaces of crabs at high pCO2 contained more 
magnesium than the carapaces of crabs at ambient pCO2 at both ambient and high 
temperature. However, the pCO2 effect was greater at high temperature than at 
ambient temperature. The molar ratio of magnesium to calcium (Mg:Ca) followed 
similar trends to the carapace magnesium content data. A two-way ANOVA indicated 
a significant temperature x pCO2 interaction on the ratio of magnesium to calcium in 
the carapace (P=0.033), therefore pCO2 effects were considered at each temperature 





high temperature (P= 0.02 and 0.00019 for ambient and high temperatures, 
respectively); the carapaces of crabs at high pCO2 had higher ratios of magnesium to 
calcium than the carapaces of crabs at ambient pCO2 at both ambient and high 
temperature.  However, the pCO2 effect on the ratio of magnesium to calcium was 
greater at high temperature than at ambient temperature, which is clear from the 
interaction plot in Figure 3.5.   
A two-way ANOVA indicated no significant temperature/pCO2 interaction 
(P>0.05) on carapace weight percent HMC, and therefore main effects of temperature 
and pCO2 were considered. The ANOVA indicated a significant effect temperature on 
carapace weight percent HMC; the carapaces of crabs in high temperature water had a 
significantly lower weight percent HMC than the carapaces of crabs in ambient 
temperature water (P=0.007; high temperature mean = 67.5±2.3%, ambient 
temperature mean = 69.0±2.2%). Additionally, the ANOVA indicated a significant 
effect of pCO2 on the weight percent HMC of juvenile crab carapaces; the carapaces 
of crabs in high pCO2 water had significantly more weight percent HMC than the 
carapaces of crabs in ambient pCO2 water (P=0.012; high pCO2 mean = 68.9±2.1%, 
ambient pCO2 mean = 67.6±2.4%).  Figure 3.6 shows the mean carapace weight 
percent HMC of crabs by temperature x pCO2 treatment.   
 
Discussion 
 The mineral component of blue crab shells is almost exclusively composed of 
high-magnesium calcite (HMC; Ries, 2011) and therefore the changes in HMC are 





juvenile blue crab carapaces. The data from this study reveal a counteractive effect of 
increased temperature and pCO2 on the carapace chemistry of juvenile blue crab. 
Increased temperature significantly reduced the weight percent HMC in crab 
carapaces, which was largely caused by a decrease in the concentration of calcium 
with temperature (Table 3.2). Increased pCO2 significantly increased the percent 
HMC by weight in crab carapaces, which was caused by an increase in the 
concentration of both calcium and magnesium with increased pCO2 (Table 3.2).  
However, the results of the molar ratio of magnesium to calcium complicates 
the interpretation of the HMC data.  The observed changes in the percent HMC by 
weight were accompanied by changes in the elemental composition of HMC by 
temperature and pCO2 treatment, since both temperature and pCO2 caused a 
significant increase in the molar ratio of magnesium to calcium in this study. The 
effect of increased magnesium content on the protective ability of the carapace is 
unclear. Increased proportion of magnesium in the carapace may cause the carapace 
to be less stable due to the positive relationship between solubility and magnesium 
content in magnesium-calcite compounds (Berner, 1975). Additionally, increases in 
the ratio of magnesium to calcium in the carapace may be an indicator of stress and 
could be used to gauge the condition of animals exposed to external stressors, as has 
been suggested for other calcifying organisms such as bivalves and foraminifera 
(Lorens and Bender, 1980; Toler et al., 2001). However, increased magnesium 
content has been positively correlated with increased hardness in biogenic calcites 





 There was a clear negative effect of temperature on the thickness and 
chemistry of juvenile crab carapaces in this study. The carapaces of crabs exposed to 
high temperature were approximately 8% thinner than the carapaces of crabs exposed 
to ambient temperature. Not only were these carapaces thinner, but they contained 
approximately 1.5% less HMC than the carapaces of crabs exposed to ambient 
temperature. A significant decline in calcium ion concentration was responsible for 
this decline in HMC, which was accompanied by an increase in magnesium. This 
decline in calcium concentration concurrent with an increase in magnesium 
concentration represents a double negative effect of increased temperature on blue 
crab carapace chemistry, since carapace calcium content has been correlated to shell 
strength in a variety of invertebrate species (Jordaens et al., 2006; Amato et al., 2008; 
Fabritius et al., 2012) and increased carapace magnesium content could be an 
indicator of stress (Lorens and Bender, 1980; Toler et al., 2001). Yet, there must be a 
balance between carapace thickness, calcium, and magnesium content in order to 
provide protection while still allowing for growth through molting (Roer and 
Dillaman, 1984; Boßelmann et al., 2007). The data from this study indicate that 
increased temperature may cause a change in this balance through declines in 
carapace thickness and percent HMC, as well as changes to the elemental 
composition of HMC in blue crab carapaces exposed to increased temperature.
 The effect of increased pCO2 on carapaces of juvenile blue crab was markedly 
different than the effect of increased temperature. Although there was no effect of 
increased pCO2 on carapace thickness or calcium content, these carapaces contained 





conditions on the blue crab carapace. However, the molar ratio of Mg:Ca increased in 
response to increasing pCO2, indicating that although more HMC was present, the 
elemental composition of that HMC was more soluble in the carapaces of crabs 
exposed to increased pCO2. However, Kunitake et al. (2012) showed that increased 
magnesium content of biogenic calcites increased the hardness of the material, 
pointing to a possible increase in carapace strength under high pCO2 conditions in 
this study. Determining the relative importance of the amount of HMC and the 
elemental composition of that HMC in juvenile blue crab carapaces warrants future 
attention. 
 The biological effects of the observed changes in blue crab carapace thickness 
and chemistry may be profound. Declines in carapace thickness and percent HMC 
have the potential to not only effect the ability of the carapace to protect the crab 
again predation, but also could affect the process of carapace formation in this 
species. Increased pCO2 will cause an increase in the bicarbonate concentration in 
seawater and may affect the amount of free calcium and magnesium in seawater 
(Brezonik and Arnold, 2011). Since blue crab mobilize free ions to create HMC in the 
carapace (Roer and Dillaman, 1984; Roer and Dillaman, 1993), acidification-related 
changes to the carbonate system may affect the carapace formation process in this 
species. Additionally, the excellent ability of blue crab to regulate their internal 
chemistry (Towle et al., 1976; Henry and Kormanik, 1985; Mangum et al., 1985) may 
reduce the impact of changes in environmental chemistry on crab carapace thickness 
and chemistry since blue crab form the new carapace inside of the old one in a 





quantified in this study, but understanding the effects of increased environmental 
pCO2 on blue crab hemolymph chemistry is an important next step in determining the 
effects of environmental change on crab carapace structure and chemistry.  
The counteractive effects of increased temperature and pCO2 on the percent of 
HMC by weight are evident in Table 3.2; the mean percent HMC by weight of the 
crabs exposed to ambient temperature and ambient pCO2 is almost identical to the 
mean percent HMC by weight of crabs exposed to high temperature and high pCO2.  
As stated previously, there was a synergistic effect of temperature and pCO2 on the 
molar ratio of Mg:Ca in the carapaces of juvenile blue crab in this study. The 
carapaces of crabs exposed to increased pCO2 contained higher ratios of Mg:Ca 
regardless of temperature treatment, but the impact of increased pCO2 was greater at 
high temperature than at ambient temperature (Figure 3.5) in these data. Non-linear 
responses have been observed in other species exposed to multiple stressors (e.g.: 
Crain et al., 2008; Dissanayake and Ishimatsu, 2011; McBryan et al., 2013), 
underscoring the importance of conducting multiple stressors studies when attempting 
to quantify species response to climate change. The presence of non-linear responses 
in the data from this study are another example of the importance of conducting 
multi-stressor studies when quantifying the effects of environmental change.   
Integrating the results of the thickness and mineral content of crab carapaces 
with the effects of increased temperature and pCO2 on crab growth rate observed by 
Glandon and Miller (2017), indicate tradeoffs between crab growth and protective 
ability of the carapace in the face of a changing climate. These effects are 





crab exposed to increased temperature grew significantly faster than crabs exposed to 
ambient temperature conditions.  The data reported here indicate that blue crab 
carapace thickness and chemistry decline in order to sustain rapid growth when 
exposed to increased temperature.  These data also suggest that while crabs can 
maintain growth rates similar to ambient conditions when exposed to increased pCO2, 
the maintenance of growth is accompanied by an increase in the amount of HMC the 
carapace.  However, the increase in the ratio of Mg:Ca in the carapaces of crabs 
exposed to increased pCO2 indicates a more soluble HMC, which could also be 
generating a harder material. The effect of an increase in the Mg:Ca ratio on the 
hardness or protective ability of the carapaces of crab exposed to increased pCO2 
remains to be seen. 
 The results of this study underscore the importance of examining secondary 
effects when quantifying the impact of environmental changes on organism fitness.  
Although Glandon and Miller (2017) observed no effect of increased pCO2 on 
juvenile blue crab growth, the results of the current study suggest changes in the 
thickness and chemistry of the carapaces of crabs exposed to increased pCO2. Similar 
patterns have been observed in other species, highlighting the importance of 
secondary effects.  McDonald et al. (2009) observed no impact of low pH on overall 
growth in the barnacle, Amphibalanus amphitrite, however a weakening of shell 
plates was observed, indicating dissolution of the barnacle shells as they grew. Shell 
growth in rocky intertidal snails, Nucella lamellose, was positively correlated to 
increasing CO2 levels but significant shell dissolution was also observed, indicating 





species (Nienhuis et al., 2010). The data from our study indicate a secondary effect of 
acidification on juvenile blue crab; significant changes in carapace composition in 
addition to the maintenance of growth. 
 Impacts of environmental change and stress may be variable according to life 
history stage. The data from this study represent the juvenile life stage of blue crab, a 
time when rapid growth is prioritized in order to achieve a size refuge from predation 
(Hines, 2007). The importance of growth at the juvenile life stage is clear when 
considering the results of this study paired with the data from Glandon and Miller 
(2017). However, the data from this study do not speak to the impact of increased 
temperature and pCO2 on the carapaces of adult blue crab; whether crabs held in 
conditions for many years would have more severe impacts, or acclimation to those 
conditions would occur. Exposure studies over entire life histories are difficult and 
expensive to maintain, creating a dearth of data on acclimation response over a 
realistic period of time. Swiney et al. (2015) examined survival and development of 
Tanner crab, Chionoectes bairdi, embryos from female crab held in acidified 
conditions for two years. Oocyte and embryonic development, hatching success, and 
carapace calcium content were all negatively impacted as exposure to acidified 
conditions lengthened. Additionally, Long et al. (2016a) observed a greater impact of 
acidified conditions on Tanner crab larvae raised from adults held in acidified 
conditions than from larvae only exposed during the larval period, indicating 
significant carryover effects in this species. Recently, Coffey et al. (2017) observed 
no effect of pH or temperature on cuticle thickness in juvenile red and blue king crab 





Tanner, king, and blue crab are all from the infraorder Brachyura, few additional 
similarities exist between the species.  Tanner and king crab are found in the Bering 
Sea and Gulf of Alaska while blue crab are found in the coastal and estuarine waters 
of the western Atlantic Ocean.  Considering the large differences in habitat between 
the species, cross-species conclusions are difficult to make. Long-term studies of the 
effects of environmental change on estuarine crustaceans would greatly aid in 
understanding the success of these species in future climate conditions. 
 Understanding the effects of environmental variability on physiology is 
critical to predicting species response to future climate scenarios (Lefevre, 2016).  
Increased temperature and pCO2 have counteractive effects on the weight percent 
HMC in the carapaces of juvenile blue crab; increased temperature causes a thinning 
of the carapaces and a decline in weight percent HMC, while increased pCO2 causes 
no change in carapace thickness and an increase in weight percent HMC. However, a 
significant positive effect of increased temperature and pCO2 was observed in the 
molar ratio of Mg:Ca in the crabs in this study, indicating that changes in the amount 
of HMC were accompanied by changes in the elemental composition of that HMC.  
Understanding the relative importance of the amount of HMC and the molar ratio of 
Mg:Ca in the carapaces of juvenile blue crab would help to determine the biological 
significance of the observed changes in carapace composition in this study. 
Additionally, studies to quantify hardening time after the molt may shed light on how 
increased temperature and pCO2 would impact recovery from molting.  Any 
lengthening of the time to hardness could be detrimental to individuals, both as an 





Understanding how these effects may manifest through crab life history would be 
valuable to quantify the impact of changes in carapace thickness and chemistry at the 
population level.  Finally, continuing to explore the secondary effects (e.g., 
metabolism, energy content) of increased temperature and pCO2 on juvenile blue crab 
would help to paint a complete picture of the possible impact of climate change on 






Table 3.1. Sample size, mean, and standard deviation of the whole cuticle, endocuticle, and exocuticle thickness (mm) of blue crab by 
temperature x pCO2 treatment. Whole cuticle and endocuticle thickness were measured using image analysis software ImageJ. 
Exocuticle thickness was determined as the difference between whole cuticle and endocuticle thickness. SD: standard deviation. 
      Whole cuticle (mm) Endocuticle (mm) Exocuticle (mm) 
Temperature pCO2 n Mean SD Mean SD Mean SD 
Ambient 
Ambient 16 0.324 0.051 0.267 0.045 0.056 0.014 
High 16 0.296 0.048 0.234 0.050 0.062 0.009 
High 
Ambient 16 0.290 0.063 0.238 0.058 0.053 0.008 






Table 3.2. Sample size, mean (mg/g dried carapace) and standard deviation of calcium and magnesium content, weight percent high-
magnesium calcite (HMC), and the molar ratio of magnesium to calcium found in the carapaces of juvenile blue crab by temperature x 
pCO2 treatment. n:n represents molar ratio and SD represents one standard deviation. 
   Calcium (mg/g) Magnesium (mg/g) % HMC Mg:Ca (n:n) 
Temperature pCO2 N Mean SD Mean SD Mean SD Mean SD 
Ambient 
Ambient 16 259.1 10.7 10.5 0.6 68.4 2.8 0.067 0.003 
High 16 263.2 4.6 11.2 0.6 69.6 1.2 0.070 0.004 
High 
Ambient 16 251.4 6.4 11.6 0.7 66.8 1.7 0.076 0.004 






Table 3.3. Summary of results of two-way ANOVA to test the impact of increased 
temperature and pCO2 on juvenile blue crab growth and consumption (shown in italics; 
from Glandon and Miller 2017) and carapace thickness and mineral content. Alpha level 




Growth Rate Increase No effect 
Carapace Thickness Decrease No effect 
Carapace [Ca] Decrease No effect 
Carapace [Mg]# Increase Increase 
Carapace % HMC Decrease Increase 








Figure 3.1. Sampling location for specimens to be used for carapace thickness analysis 











Figure 3.2. Thin section of blue crab carapace, prepared using the methods described and 








Figure 3.3. Juvnile blue crab whole cuticle thickness (mm) by temperature treatment. The 
ANOVA indicates a significant effect of temperature on whole cuticle thickness 
(P=0.052). The carapaces of crabs in high temperature water (0.283±0.058 mm) were 
significantly thinner than the carapaces of crabs in ambient temperature water 
(0.310±0.051 mm), regardless of pCO2 treatment. Error bars represent the standard error 




































Figure 3.4. Juvenile blue crab carapace calcium content (mg/g) by temperature treatment. 
The carapaces of crabs exposed to high temperature water contained significantly less 
calcium than the carapaces of crabs exposed to ambient temperature water (P=0.00018). 
There was no significant effect of increased pCO2 on the calcium content of the 




































Figure 3.5.  Interaction plot of the ratio of magnesium to calcium (molar ratio) in juvenile 
blue crab carapaces by temperature and pCO2 treatment, showing a greater effect of pCO2 
treatment at high temperature than ambient temperature (significant two-way ANOVA 
interaction; P=0.033). At both temperature levels, the carapaces of crabs exposed to high 
pCO2 had significantly higher ratios of magnesium to calcium than the carapaces of crabs 
exposed to ambient pCO2 (P=0.02 and 0.00019 for ambient and high temperatures, 
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Figure 3.6. Juvenile blue crab carapace weight percent high-magnesium calcite (HMC) 
by temperature and pCO2 treatment. Solid dark line represents the median of each 
treatment combination, boxes represent inter-quartile range, and whiskers represent the 
sum of 1st (lower whisker) or 3rd (upper whisker) plus 1.5 times the inter-quartile range. 
There was a significant negative effect of increased temperature (P=0.007) and 
significant positive effect of increased pCO2 (P=0.012) on carapace weight percent 










Chapter 4: Oxygen consumption of juvenile blue crab, Callinectes sapidus, from the 
mesohaline Chesapeake Bay in response to future predicted increases in environmental 
temperature and pCO2. 
Abstract 
 Quantifying the physiological impact of environmental stressors is critical to the 
ability to predict the response of species to future climate scenarios. We quantified 
oxygen consumption rate (µmol O2/g/min) to examine the response of juvenile blue crab, 
Callinectes sapidus, from the Chesapeake Bay (Patuxent River, Maryland) to elevated 
temperature and pCO2 reflective of projected future climate scenarios. Treatment levels 
were selected to represent current conditions in the Chesapeake Bay (26°C and 800 µatm) 
and conditions predicted to occur by the year 2100 (31°C and 8,000 µatm). Crabs were 
exposed to these conditions throughout two successive molts (approximately 30 days). At 
the end of the exposure, the oxygen consumption rate of individual crabs was determined 
over at least a 10 hour period using a flow-through respiration chamber equipped with 
optical oxygen electrodes.  Metabolic measurements were also made on crabs that 
experienced a non-acclimated, rapid increase in temperature. Although the range of 
temperatures used in this experiment did not cause a significant difference in the mean 
oxygen consumption of crabs in this study, Q10 values indicate that oxygen consumption 
rates did predictably rise with temperature. High individual variability and a relatively 
small difference in temperature treatments are likely the cause for the lack of a 
statistically significant difference in mean oxygen consumption rates by temperature. 
Additionally, there was no significant effect of increased pCO2 on crab oxygen 





juvenile crab in general. The results of this study have implications for the resilience of 
blue crab to future climate stressors and underscore the need for multispecies studies to 
quantify the ecosystem-level impacts of climate change on the Chesapeake Bay 
ecosystem.  
Introduction 
 Highly variable environments, both naturally occurring and human-induced, favor 
species with high reproductive output and hence increased genetic variability and/or a 
high degree of phenotypic plasticity. This variability can be expressed ontogenetially at 
individual- and population-levels. Individuals with the optimal combination of traits for a 
given set of environmental conditions will have a higher likelihood of survival and these 
“natural athletes” are more likely to pass their traits on to the next generation (Rice et al., 
1993; Fuiman and Cowan, 2003). Dramatic ontogenetic shifts in morphology and habitat 
often cause the same individual to experience substantially different conditions 
throughout life, thereby favoring genetic and phenotypic variability. This variability can 
be seen particularly in traits such as growth and metabolism which regulate the length of 
exposure to life-stage specific sources of mortality, as has been observed in a variety of 
processes from larval fish growth rates and stage duration (Houde, 1989) to amphibian 
size at metamorphosis (Wilbur and Collins, 1973; Werner, 1986). Thus, quantifying the 
response of key physiological parameters to a changing marine environment is critical to 
understanding how populations may respond to climate stressors into the future. 
 Anthropogenic release of fossil fuels has caused substantial increases in the 
temperature and pCO2 of the marine environment, with further increases predicted by the 





creating a warmer, more acidic marine environment, unlike any that has been observed to 
date (Feely et al., 2009). Marine invertebrates are an ideal taxa in which to examine the 
physiological effects of increased temperature and pCO2 because they are prolific in a 
wide range of environmental conditions. Metabolic rate is an important metric of an 
individual’s ability to grow and survive, and has been the focus of many studies 
quantifying the physiological impact of climate change (see below for examples). In 
studies of the effects of environmental stressors on metabolic rate, both the variability of 
measured respiration rates and the Q10 value can be useful indices of species resilience. 
The Q10 quantifies the change in metabolic rate for a 10°C increase in temperature and 
provides a standardized index of thermal response. Changes to the variability of 
metabolic rates as well as Q10 can have large impacts on individual survival and fitness, 
and therefore they are important to quantify along with average metabolic rate. 
The relationship between temperature and metabolic rate in marine invertebrates 
is well established (Newell and Branch, 1980; Gillooly et al., 2001) and has been linked 
to oxygen limitation of thermal capacity in these species (Pörtner, 2001; Pörtner, 2010). 
In contrast, studies examining the effects of increased pCO2 on metabolic rate have 
reported a range of responses (Kroeker et al., 2010). Metabolic depression as a result of 
exposure to decreased pH/ increased pCO2 is well documented (Pörtner et al., 2005) and 
has been observed in a variety of species including infaunal brittlestar, Amphiura 
filiformis (Hu et al., 2014), late stage larval lobster, Homarus gammarus (Small et al., 
2015) and mussel, Mytilus chilensis (Navarro et al., 2016). Conversely, increases in 
metabolic rate in response to decreased pH/ increased pCO2 have been reported in  





lobster (Small et al., 2015), while decreased pH/ increased pCO2 had no effect on 
metabolic rate in other species such as abalone, Haliotis iris (Cunningham et al., 2015), 
cuttlefish Sepia officinalis (Sigwart et al., 2015) and larval Pacific oyster, Crassostrea 
gigas (Frieder et al., 2016). Importantly, synergistic effects of increased temperature and 
pCO2 on metabolic rate have been observed in a variety of species including the nektonic 
crustacean, Metapenaeus joyneri (Dissanayake and Ishimatsu, 2011), Pacific oyster, 
Crassostrea gigas (Lannig et al., 2010), and the Arctic pteropod, Limacina helicina 
(Comeau et al., 2010), underscoring the importance of multi-stressor studies. The 
duration and type of exposure (e.g.; acute, long-term, cycling) to increased pCO2 may 
contribute to the variability of these responses (Todgham and Stillman, 2013). 
Additionally, individual and life-stage specific capacity for acid-base regulation, which 
can be impacted by ventilatory capacity, type and efficiency of ion exchangers, and 
overall activity levels, is known to affect species response to increased pCO2 (Pörtner et 
al., 2004). 
A positive relationship between temperature and metabolism has been well 
characterized in decapod crustaceans from the larval stage through the adult life stage 
(Leffler, 1972; Breteler, 1975; Eriksson and Edlund, 1977; Gutermuth and Armstrong, 
1989; Booth and McMahon, 1992) and has been linked to strong ventilatory capacity of 
this taxa (Frederich and Pörtner, 2000). Coefficients of variation among individuals in 
these taxa range from 14% to 60%, depending on the temperatures tested. Similarly, Q10 
values ranged from approximately 1 to 12, again depending on the temperatures tested. 
Similar to the trend in marine invertebrates in general, the effect of decreased pH/ 





stage specific. A synergistic effect of temperature and pCO2 were observed in adult 
edible crab, Cancer pagurus, such that the thermal tolerance window significantly 
narrowed in response to increased pCO2 (Metzger et al., 2007). Similarly, in adult velvet 
swimming crab, Necora puber, metabolism significantly declined under acidified 
conditions (Small et al., 2010). However, only the embryonic stage of the porcelain crab, 
Petrolisthes cinctipes, experienced a significant decline in metabolic rate when exposed 
to increased pCO2; no effect was observed in the larval or juvenile stage (Carter et al., 
2013). The variability in response to increased temperature and pCO2 experienced by 
decapod crustaceans underscores the need for life stage and species-specific studies 
examining the effects of climate stressors on key physiological parameters, such as 
metabolic rate. 
Much of the knowledge regarding the effects of climate change presented above is 
based upon marine species. In contrast to the relative consistency of the marine 
environment, estuarine systems are characterized by large fluctuations in environmental 
parameters including temperature and pCO2 (Cai and Wang, 1998; Waldbusser and 
Salisbury, 2014). Estuarine and coastal systems are some of the most productive regions 
on earth, thereby amplifying the importance of quantifying the effects of climate change 
on estuarine species (Cooley and Doney, 2009). The blue crab (Callinectes sapidus) is an 
ecologically and economically important species in the Chesapeake Bay estuary (Baird 
and Ulanowicz, 1989; Kennedy et al., 2007), and understanding the impact of potential 
future climate stressors on this species is therefore of great regional concern. The wide 





Gulf of Mexico (Williams, 1984), makes it an excellent candidate for examining the 
impact of climate change on estuarine crustaceans in general.   
Here, we quantified the oxygen consumption rate of juvenile blue crab from the 
Chesapeake Bay (Patuxent River, Maryland) in response to two key climate stressors 
(increased temperature and pCO2). Treatment levels of temperature and pCO2 were 
chosen to reflect current and future predicted climate conditions for the Chesapeake Bay 
by the year 2100 (see Glandon and Miller, 2017). We chose to examine the juvenile life 
stage because of its role in regulating overall crab population dynamics (Miller, 2001) 
and because juveniles are the first life stage to live entirely in the estuary. This study adds 
to the growing body of knowledge on the impact of climate stressors in estuarine 
crustaceans; other work in our lab has quantified the effects of increased temperature and 
pCO2 on the growth and food consumption (Glandon and Miller, 2017) and shell 
properties (Glandon et al., submitted) of juvenile blue crab.   
 
Methods 
Crab collection and maintenance 
 Juvenile blue crab, approximately 30mm carapace width, were collected from two 
principal tributaries of the Chesapeake Bay. Trials were conducted in a blocked 
experimental design. Block 1 crabs were collected in May 2016 from the Patuxent River, 
Maryland and block 2 crabs were collected in September 2016 from the York River, 
Virginia. Crabs were kept in a flow-through acclimation system at the Chesapeake 
Biological Laboratory at one of four temperature/pCO2 treatments. Treatment levels were 





and 800 µatm) and conditions forecast for  the year 2100 (31°C and 8,000µatm; Boesch 
et al., 2008). Details on the flow-through system for acclimation of individuals to 
treatment conditions are given in Glandon and Miller (2017). Crabs were kept in the 
flow-through acclimation system for a period of two molts (approximately 30 days) and 
fed frozen bay scallops ad libitum in order to alleviate known effects of food limitation 
on metabolic rate (O'Connor et al., 2009).   
 
Respiration chamber design 
 Oxygen consumption of individual juvenile crabs were quantified in a flow-
through respiration chamber (see Figure 4.1). Flow-through respirometers were selected 
so that extended trials could be conducted in order to minimize handling effects on 
respiration rates. Treatment water was mixed in a header tank, specific for each 
temperature/pCO2 combination, and then flowed, gravimetrically but separately, into 
respiration chambers and the water bath. Since chambers and the water bath were filled 
from a single header tank, only one treatment combination was run during a given assay. 
A maximum of four individual chambers were run per assay (one night), with at least one 
empty chamber serving as a blank to take into account microbial respiration and ambient 
conditions during each assay. Crab and blank treatments were assigned randomly to 
specific chambers. Each respirometry chamber was constructed of 1.3 cm thick plexiglass 
with a 0.6 cm 70 durometer silicone gasket. Holes (0.6 cm OD) were drilled in two 
opposite sides of the chamber to allow for inflow and outflow of water and barbed brass 
fittings were added to each hole. A digital flow meter was constructed using a Hall-effect 





(Arduino AG, Italy).  The Arduino was used to measure and record the flow into the 
chamber throughout the trial.  The flow meter and a Pyro Science FireSting flow-through 
oxygen electrode (model OXFTC; Pyro Science GmbH, Aachen Germany) were placed 
before the inflow hole and an additional flow-through oxygen electrode was placed on 
the after the outflow hole.  Water flow and oxygen concentration of the inflow and 
outflow water were recorded once per second in each chamber throughout the duration of 
each assay. 
 
Oxygen consumption calculations 
 Oxygen consumption (R; µmol/g/min) was determined for each respirometry 
chamber individually. First, the residence time (TR; min) of the water in the chamber was 
determined as   
Equation 1: TR (min) = (V/FA); 
where V was the volume of the chamber (L) and FA was the average flow (L/min) for 
each chamber in each trial. The residence time was used to determine a shift that was 
applied to the outflow data, such that the oxygen concentration of the water used in 
calculations was shifted by TR, to take into account the residence time of the water in the 
chamber. The shifted outflow oxygen concentration was then represented as OoTR 
(µmol/L). The difference between the concentration of oxygen in the inflow and outflow 
water was determined as 
Equation 2: DO = Oi  – OoTR; 
where Oi was the concentration of oxygen (µmol/L) in the water flowing into the 





flowing out of the chamber. The uncorrected oxygen consumption rate, RU, in µmol/min 
was determined by 
Equation 3: RU = DO * F; 
where DO was as defined in Equation 2, and F was the flow rate (L/min) at that same time 
point. To account for microbial respiration in the respirometer, we further corrected the 
estimate of oxygen consumption as: 
Equation 4: RC = RU (crab) – RU (blank); 
where RU (crab) was the average oxygen consumption rate (µmol/min) for an individual 
crab (Equation 3) and RU (blank) was the average oxygen consumption rate of all blanks 
conducted during an individual overnight trial. Finally, the mass-specific oxygen 
consumption rate was determined as 
Equation 5: R = RC / m; 
where RC was the corrected oxygen consumption rate of an individual crab (µmol/L; 
Equation 4) and m was the wet mass of that crab. The Q10 value was determined for each 
pCO2 treatment separately as 
Equation 6: Q10 = (RT2-RT1)^[10/(T2-T1)]; 
where RT2 was the average oxygen consumption of high temperature treatment (31°C) 
and RT1 was the average oxygen consumption of the ambient temperature treatment 
(26°C). The temperature (°C) range used to calculate the Q10 values are indicated in the 
subscript as Q10 T1-T2 in the following text, where T1 is the lower temperature and T2 is 







Oxygen consumption of crabs were determined after an individual had completed 
two molts in the acclimation system. All trials were conducted for at least 10 hours 
between 18:00 and 9:00, the time of day that blue crab are the least active. Crabs were 
fed daily while in the acclimation system and were starved for 24 hours prior to 
measurement. Oxygen electrodes were calibrated in freshwater fully saturated with air 
before each overnight trial and electrodes were configured to compensate for the salinity 
of water in the flow-through system (salinity: 14-17). Measurements of oxygen 
concentration and flow were taken once per second (60 times per minute). Oxygen 
consumption was measured 4-10 days after the second molt to control for molt stage, 
which was approximately 15 days in the crabs in this study.  Oxygen electrodes and flow 
meters were cleaned in a solution of soapy water and then flushed for at least 1 hour with 
freshwater after each overnight trial. Respirometry chambers were cleaned with bleach 
and freshwater after each overnight trial. 
 The oxygen consumption rate of most individual crabs were measured at the same 
temperature and pCO2 conditions at which they were held. However, to determine the 
sensitivity of the flow-through respirometry chamber design to the variability in oxygen 
consumption rates by juvenile blue crab, a preliminary experiment was conducted to 
determine the oxygen consumption of crabs that were temperature shocked. Crabs were 
acclimated to ambient temperature and ambient pCO2 conditions for a period of two 
molts, as described above and the oxygen consumption of these crabs was determined 
following an immediate transfer to high temperature (31°C) water. It was expected that 





individuals that were tested at their acclimation temperature, confirming that the system 
design could accurately measure the response of crab to environmental stressors, such as 
increased temperature and pCO2. 
 
Data analysis 
 Mean, mass-specific oxygen consumption rate (R in µmol/g/min; ± standard 
deviation (SD)) was determined for each crab for each overnight trial, excluding the first 
hour of measurement in order to avoid influences of acute handling stress. In order to 
account for possible deviations from an isometric relationship between crab mass and 
oxygen consumption rate (Beaupre and Dunham, 1995; Poehlman and Toth, 1995), 
differences in mean oxygen consumption rate (R in µmol/min) by treatment were 
determined using analysis of covariance (ANCOVA) with crab mass as the covariate. For 
ease of comparison with other studies, mass-specific oxygen consumption rates are 
reported in the results. 
To test for the effect of a rapid increase in temperature (temperature shock 
experiment) on the oxygen consumption rate of juvenile blue crab, a 1-way ANCOVA 
was conducted with oxygen consumption as the response, treatment as the fixed effect, 
and crab mass as the covariate. Treatments compared for this analysis were crabs 
acclimated and tested at ambient temperature, crabs acclimated and tested at high 
temperature, and crabs acclimated at ambient temperature and tested at high temperature. 
A 3-way ANCOVA was conducted with oxygen consumption as the response, block, 
temperature, and pCO2 as fixed effects, and crab mass as the covariate. To test for the 





ANCOVA was conducted with oxygen consumption as the response, temperature and 
pCO2 as fixed effects, and crab mass at the covariate. A tukey-post hoc test was 
conducted if significant main effects were observed.  All analyses were conducted in R 
(version 3.2.2 - R Core Team, 2015) using R-Studio (version 1.0.136). Significance of 
fixed effects and their interactions was assessed using the Anova function on linear-mixed 




 The oxygen consumption of 46 individual crabs were quantified during this study. 
An example of data produced from a single overnight trial is shown in Figure 4.2, 
highlighting the variability in observations.  Data from a representative blank chamber 
are shown in Figure 4.2A, with the difference between the inflow and outflow between 
zero and 5 µmol/min for the entire trial.  Figure 4.2B shows data from an individual crab, 
with the difference between the inflow and outflow being closer to 10 µmol/min for the 
trial. The sample size, mean, standard deviation, and Q10 26-31 of the oxygen consumption 
of crabs by block and temperature/pCO2 treatment are shown in Table 4.1.  
 
Temperature shock preliminary experiment 
 The 1-way ANCOVA of the indicated a significant effect of temperature 
treatment on the oxygen consumption of crabs (F2,24=4.62, P = 0.020). Tukey post-hoc 





temperature (R = 0.17±0.07 µmol/g/min) was significantly lower than the oxygen 
consumption of crabs acclimated at ambient temperature and tested at high temperature 
(R = 0.65±0.33 µmol/g/min; P = 0.018). Additionally, the oxygen consumption of crabs 
acclimated and tested at high temperature (R = 0.26±0.18 µmol/g/min) was lower than 
the oxygen consumption of crabs acclimated at ambient temperature and tested at high 
temperature (R = 0.65±0.33 µmol/g/min; P = 0.090). However, there was no significant 
difference between the oxygen consumption of crabs acclimated and tested at ambient 
temperature and crabs acclimated and tested at high temperature (P = 0.34).  
 
Temperature/pCO2 experiment 
The 3-way ANCOVA indicated a significant effect of block on the oxygen 
consumption rate of crabs (F1,37 = 6.11, P = 0.018). Due to the significant block effect, 
data for block 1 and 2 were analyzed separately using 2-way ANCOVA. Under the levels 
of temperature and pCO2 tested in this experiment, the 2-way ANCOVA of the block 1 
data indicated no significant effect of temperature or pCO2 on the oxygen consumption 
rate of juvenile crabs (F1,19 = 1.453, P = 0.234 and F1,19 = 0.582, P = 0.455 for 
temperature and pCO2, respectively). Similarly, under the levels of temperature and pCO2 
tested in this experiment, the 2-way ANCOVA of the block 2 data indicated no 
significant effect of temperature or pCO2 on the oxygen consumption rate of juvenile 
crabs (F1,19 = 0.567, P = 0.462 and F1,19 = 0.480, P = 0.498 for temperature and pCO2, 







The data from this study indicate that juvenile blue crab are metabolically resilient 
to predicted future levels of temperature and pCO2 in the Chesapeake Bay.  The 
temperature shock experiment showed that the oxygen consumption rate of crabs does 
increase significantly when exposed to a sudden increase in temperature; the oxygen 
consumption rate of crabs that were acclimated to and measured at high temperature was 
lower than the oxygen consumption rate of crabs acclimated to ambient temperature but 
measured at high temperature in the temperature shock experiment.   
The goal of this study was to examine potential impacts of future climate 
conditions on blue crab oxygen consumption rate, when individuals will gradually 
acclimate to temperature rather than experience an acute temperature shock. Thus, we 
exposed individuals to increased temperature and pCO2 for a period of two molts 
(approximately 30 days) which provided a period of acclimation to conditions prior to the 
measurement of oxygen consumption. Our analysis revealed a significant difference in 
the oxygen consumption rate of crabs by block. This was likely due to differences in the 
time of year (spring versus fall) and collection location (Maryland versus Virginia) 
between the two blocks. However, patterns in oxygen consumption rate were similar 
between the two blocks of data. Following exposure to future climate conditions for a 
period of two molts, neither temperature nor pCO2 significantly influenced oxygen 
consumption rate of crabs in either block.   
The relationship between temperature and metabolic rate in blue crab is well 
established (Leffler, 1972; Booth and McMahon, 1992). The lack of a significant 





due to the relatively small difference between treatment temperatures and high individual 
variability in oxygen consumption rates. Both temperature treatments (26°C and 31°C) 
are near the maximum of the thermal window for blue crab in the Chesapeake Bay. In 
other studies on the metabolic rate of juvenile decapod crustaceans, temperatures that 
showed a metabolic response were farther apart and near the lower end of the thermal 
window (Leffler, 1972; Gutermuth and Armstrong, 1989; Brown and Terwilliger, 1999). 
Another explanation for the lack of a significant effect of temperature in this study could 
be that the crabs acclimated to conditions during the 30 day period prior to measurement 
of oxygen consumption rate, as has been observed in other species such including fish 
(Fangue et al., 2014), zooplankton (Zeis et al., 2004), and salamanders (Brown and 
Fitzpatrick, 1981). However, oxygen consumption rates throughout the acclimation 
period would be necessary to conclusively determine if the individuals in this study had 
truly acclimated to conditions.  
The high individual variability in oxygen consumption rate of crabs in our study 
limited the finding of statistical significance, despite the well documented response of the 
oxygen consumption rate of poikilotherms to increased temperature (Kinne, 1964; 
Pörtner, 2002). For example, the coefficients of variation by treatment in our study 
ranged from 28% to 73%, underscoring the variability both within and among treatments. 
Since the estuarine environment is variable on spatial and temporal scales (both 
seasonally and daily), variability in physiological responses is advantageous for species, 
such as blue crab, that live in this environment. Juvenile blue crab migrate from their 
ingress location at the mouth of the Chesapeake Bay throughout the estuary over the 





during this time (Etherington and Eggleston, 2003). Phenotypic plasticity in physiological 
parameters such as oxygen consumption rate may help crabs survive this migration, and 
our data suggest that this plasticity may allow for individuals to acclimate to a changing 
climate. 
The data from this study fit well with previous work conducted on the effect of 
temperature on the metabolic rate of crustaceans. Table 4.2 summarizes results from 
several previous studies quantifying the effects of temperature on the metabolic rate of C. 
sapidus and another crab species, Cancer magister. Although there is variability in the 
mean oxygen consumption values observed at a given temperature, the coefficient of 
variation (CV) for the data are remarkably similar and highlight large variability in 
metabolic rates throughout this taxonomic group. Additionally, apart from the extreme 
values observed by Leffler (1972), the Q10 values are similar among studies. However, it 
is worth noting that variability in estimates in Table 4.2 is likely due to the considerable 
differences in species, ontogeny, and measurement methods. For example, the geographic 
range of the two species in Table 4.2 is markedly different; Cancer magister, is found in 
the deep waters of the north Pacific while Callinectes sapidus is largely found in the 
estuarine waters of the north Atlantic.  
More recent studies have generally observed a negative effect of increased pCO2 
on crustaceans, but the magnitude and variability of this effect is species- and life-stage 
dependent. In a meta-analysis of the respiratory effects of elevated temperature, high 
pCO2, and their interaction, Lefevre (2016) found a small, negative and variable effect of 
increased pCO2 on the metabolic rate of crustaceans. However this effect was species- 





in response to increased pCO2 has been observed in embryonic porcelain crab, 
Petrolisthes cinctipes and adult velvet swimming crab, Necora puber (Small et al., 2010; 
Carter et al., 2013). However, increased pCO2 had no effect on the metabolic rate of 
larval and juvenile porcelain crab (Carter et al., 2013) and early stage larval lobster, 
Homarus gammarus (Small et al., 2015). The data from the current study indicate no 
effect of increased pCO2 on the oxygen consumption rate of juvenile blue crab, 
contributing to the variety of responses previously reported on the effects of increased 
pCO2 on metabolic rate in crustaceans. 
Although there was no effect of increased pCO2 on the oxygen consumption rate 
of juvenile blue crab, reductions in Q10 of individuals at high pCO2 indicate a reduction in 
the plasticity of the metabolic response to increased pCO2 as compared to the plasticity of 
response to increased temperature. The Q10 26-31 of crabs at ambient pCO2 was at least 2 in 
both blocks, which is a predictable metabolic response to increased temperature. 
Conversely, the Q10 26-31 of crabs at high pCO2 was just one-fourth of the Q10 26-31 of crabs 
at ambient pCO2 in both blocks. The low Q10 value of crabs at high pCO2 may indicate a 
reduction in metabolic scope when individuals were exposed to acidified conditions. 
Additionally, the estimate of the oxygen consumption rate at ambient conditions was 
almost identical to the estimate of the oxygen consumption rate at high temperature/high 
pCO2 in both blocks of data examined. Although no significant main effects were 
observed, it is worth noting the similarity in the observed oxygen consumption rates in 
the “least stressful” and the “most stressful” conditions. This could be evidence for a 
narrowing of the thermal window (the threshold identified by the onset of anaerobic 





which has also been observed in adult edible crab, Cancer pagurus, (Metzger et al., 2007) 
and adult spider crab, Maja squinado (Frederich and Pörtner, 2000). Although not 
commonly observed in the juvenile life stage, antagonistic effects of increased 
temperature and pCO2 have been observed in a variety of marine invertebrates (Byrne 
and Przeslawski, 2013), and could be at play in this system as well, underscoring the 
importance of measuring multiple stressors when quantifying climate effects on species.    
The results from this study highlight the resilience of juvenile blue crab to 
projected future levels of temperature and pCO2 and expand the existing knowledge of 
the effect of increased temperature and pCO2 on blue crab physiology. The lack of a 
significant effect of increased pCO2 on crab growth (Glandon and Miller, 2017) and 
metabolism (this study) indicate that blue crab are metabolically resilient to future 
predicted levels of pCO2 in the Chesapeake Bay. Brylawski and Miller (2006) and 
Glandon and Miller (2017) have quantified the temperature dependence of growth in 
juvenile blue crab. Despite the lack of a significant difference in mean oxygen 
consumption at the temperatures tested in this study, the Q10 values from crab at ambient 
pCO2 in this study are similar to those determined from the growth rate observations in 
both studies mentioned above. This highlights the strong relationship between 
temperature, metabolism, and growth in this species.   
The remarkable ability of blue crab to regulate their internal chemistry (Towle et 
al., 1976; Henry and Kormanik, 1985; Mangum et al., 1985) may reduce the impact of 
changes in environmental chemistry on crab oxygen consumption and physiology in 
general. Hemolymph pH was not quantified in this study, but understanding the effects of 





step in determining the effects of environmental change on blue crab. Regardless of 
changes to internal conditions, the increase in Q10 paired with the growth response to 
increased temperature may have ecological tradeoffs for blue crab in the future warmer, 
more acidic Chesapeake Bay. The increased growth rates associated with increased 
temperature may come at a cost to carapace thickness and chemistry (Glandon et al., 
submitted) and might affect crab protection and mating success as adults. Another 
tradeoff may be between food consumption and prey quality/availability. Increased 
temperature will cause individuals to consume more food (Glandon and Miller, 2017). 
However, bivalve prey of blue crab are expected to experience decreased calcification 
and growth as water acidifies in the future (Waldbusser et al., 2011b) which may cause 
crabs to more heavily target weaker prey items and could impact the ability of crabs to 
maintain high growth rates when exposed to increased temperature. Future studies 
quantifying the predator/prey interactions of blue crab would help to elucidate the 
magnitude of future environmental conditions on the Chesapeake Bay food web.  
Similarly, understanding the combined effects of food availability and climate stressors 
on the metabolism of blue crab would place the data from this study in a more realistic 






Table 4.1. Sample size, mean, and standard deviation (SD) of the oxygen consumption 
rate (µmol/g/min) of juvenile blue crab by block and temperature/pCO2 treatment. The 3-
way ANCOVA indicated a significant block effect but no significant effect of 
temperature or pCO2 on the oxygen consumption of juvenile blue crab in this study. Q10 
26-31 for ambient and high pCO2 treatments are reported separately. 
 
   
Oxygen Consumption Rate 
(µmol/g/min) 
 
Block pCO2 Temperature n Mean SD Q10 
1 
Ambient 
Ambient 8 0.185 0.076 
2.308 
High 7 0.281 0.121 
High 
Ambient 5 0.218 0.073 
0.504 
High 4 0.155 0.040 
2 
Ambient 
Ambient 5 0.155 0.074 
4.761 
High 8 0.338 0.308 
High 
Ambient 5 0.166 0.055 
1.167 







Table 4.2. Summary of the effects of temperature on the metabolic rate of decapod crustaceans. Coefficient of variation (CV) was 
calculated as the ratio of standard deviation (SD) to the mean metabolic rate. Q10 temperature coefficient was calculated as 
(R2/R1)^[10/(T2-T1)] for temperature  pairs as listed in the table. 








SD CV Q10 





26 13 5.4 0.173 0.074 0.427 3.53 








13 6 162 0.010 0.004 0.373 3.10 
20 6 170 0.022 0.005 0.224 2.00 






13 4 4 0.010 0.004 0.398 12.29 
20 4 4 0.055 0.011 0.208 0.74 
27 4 4 0.045 0.006 0.140 3.01 








10 4 4 0.021 0.006 0.286 2.14 








6 20 4.8 0.223 0.067 0.298 1.00 
10 23 4.8 0.186 0.071 0.384 4.50 
14 15 4.8 0.335 0.173 0.516 5.50 





Figure 4.1. Schematic of respirometry chambers used to quantify oxygen consumption of 
juvenile blue crab in this study. Water was mixed in a header tank to the desired 
temperature and pCO2 and then flowed (grey arrows) into a PVC pipe that fed both the 
respiration chambers and the water bath used to maintain temperature. Water passed 
through a flow meter (black circle) and an optical oxygen electrode (black rectangle) 
before entering the chamber. Each chamber contained a single crab (C) and at least one 
chamber per assay was empty (E). We note that the order of the treatments in each trial 
was randomized. Water flowed out of the respirometry chamber through another optical 






Figure 4.2. Example of data from an overnight respiration trial of an empty chamber (A) 





Chapter 5:  An analysis of changes in the overwintering behavior of blue crab in the 
Maryland portion of the Chesapeake Bay based on historical and future predicted 
temperature trends in the region. 
Abstract 
 Understanding how increases in water temperature may effect dormancy period 
duration is important for the effective conservation and management of blue crab in the 
face of a warming climate. Daily air and water temperature observations collected at the 
Chesapeake Biological Laboratory (CBL) from 1938-2016 were used to develop a 
harmonic model that characterized the dynamics of air and water temperature in the 
Patuxent River, MD, a tributary of the Chesapeake Bay. These data were used to estimate 
a transfer function which was used in concert with downscaled global climate model 
(GCM) air temperature projections to forecast water temperature in the Maryland portion 
of the Chesapeake Bay through the year 2100. The forecast from the downscaled GCM 
was compared to a conservative estimate of water temperature based on an extension of 
the current trend in the observational data. For both forecasts, the length of the 
overwintering period was determined as the number of days below the critical 
temperature for growth (9°C) in a given year. Downscaled GCM model data predicted a 
shortening of the current overwintering period from 117±15.5 days to 56±15.1 days. 
Direct extension of the trend in the observational data predicted a 3 week shortening of 
the overwintering period to 89.7±0.97 days.  This analysis indicates that the length of the 
overwintering period will be shorter under future warming conditions, and may be absent 




shortening of the overwintering period has both ecological and economic implications for 
blue crab in Maryland and the mid-Atlantic region as a whole. 
 
Introduction 
Dormancy is a life history strategy employed by a variety of species to survive 
periods of environmental hardship and can be initiated by external cues or by an internal 
physiological response (Cáceres, 1997). Environmental variability within a species’ range 
may cause interannual variability in the proportion of the population undergoing 
dormancy. The blue crab, Callinectes sapidus, is an ecologically and economically 
valuable marine crustacean that is found along the western Atlantic coast from Central 
America through Massachusetts and through the Gulf of Mexico (Williams, 1984; Hines, 
2007; Kennedy et al., 2007). The life history of the blue crab is temperature dependent 
such that stage duration, and therefore growth rate and maturation, are determined by 
external temperature (Smith and Chang, 2007). The latitudinal cline in temperature 
present throughout the blue crab range creates predictable variability in stage duration, 
growth rates and the likelihood of winter dormancy (Hines et al., 2010). For example, due 
to colder temperatures, stage duration of blue crab in the northern latitudes is longer than 
the stage duration of crabs at southern latitudes. Due to slower growth rates, individuals 
at northern latitudes take significantly longer to recruit to the fishery and reach sexual 
maturity than individuals from southern latitudes. At southern latitudes, growth rates are 
faster, allowing for life stage milestones, such as maturity, to be reached in a shorter 




maturation schedules, variability in external temperature likely affects the probability of 
and duration of dormancy in blue crab. 
The critical temperature for growth in blue crab is approximately 9°C, below 
which metabolic rates decline and dormancy is induced, referred to as overwintering in 
this species (Smith and Chang, 2007). Since the length of the overwintering period in 
blue crab is temperature-dependent, the large range of temperature within the geographic 
range of blue crab causes variability in overwintering behavior. Individuals that live in 
the central portion of the range, below approximately 32°N latitude, are not exposed to 
water temperatures below 9°C and therefore do not display overwintering behavior 
(Fogarty and Lipcius, 2007; Hines, 2007). Conversely, overwintering behavior is reliably 
displayed by individuals that live in the northern portion of the range, above 
approximately 38°N latitude (Fogarty and Lipcius, 2007; Hines, 2007). Individuals that 
live between 32°N and 38°N latitude are thought to be behaviorally flexible such that 
they overwinter during cold years but can grow throughout the winter in warm years 
(Rock, pers. comm. 2017; Whitaker, pers. comm. 2017). This variation in overwintering 
behavior further increases the latitudinal variability in the stage durations and maturation 
schedules of blue crab. The intensity and duration of overwintering behavior has been 
directly linked the winter survival of blue crab (Bauer and Miller, 2010) and therefore 
changes to overwintering behavior may effect blue crab population dynamics. 
Anthropogenic release of fossil fuels since the Industrial Revolution has caused 
an increase in the concentration of carbon dioxide (CO2) in the atmosphere (Doney and 
Schimel, 2007). Since 1990, the International Panel on Climate Change (IPCC) has been 




(Stocker et al., 2013). Complex global climate models (GCM) have been developed that 
incorporate appropriate physical processes, weather patterns, and sub-grid-scale 
stochastic processes. These models have predicted that atmospheric levels of CO2 will 
continue to increase to over 1,000 ppm by the end of the 21st century (Caldeira and 
Wickett, 2003; Orr et al., 2005; Stocker et al., 2013).  Due to the greenhouse effect, this 
increase in CO2 has caused an increase in atmospheric and, consequently, ocean 
temperatures, which are predicted to warm by 2.6-4.8°C by the year 2100 (Stocker et al., 
2013). Understanding how current warming trends will affect the life history of marine 
species is critical to predicting the fate of these ecosystems in the face of a changing 
climate.   
Despite the robust nature of GCMs, many questions regarding the effects of 
climate change require forecasts at regional, rather than global scales. Downscaling of 
GCM predictions has been proposed to address this issue as a way to understand how 
GCM predictions may play out in specific environments (Taylor et al., 2012; Maloney et 
al., 2014). Downscaled models use predictions from an ensemble of runs of a single 
GCM to yield a model that has more accurate physical forcing and weather data at a 
smaller geographic scale than the GCMs. It is important to note that the downscaled 
information can be no more reliable than the climate model simulation that underlies it 
and therefore downscaled GCM results should be taken with caution. Long-term, high-
resolution local environmental data can aid in understanding the climate dynamics of 
local systems and can improve downscaled GCM projections.  
The realization of future climate from any run of a single GCM depends on the 




reduce these sources of uncertainty, a standard set of modeling conditions have been used 
by the World Climate Research Programme’s Working Group on Coupled Models, 
Coupled Model Intercomparison Project (CMIP), to facilitate inter-model comparisons 
(CMIP; Taylor et al., 2012). Currently in its fifth phase, CMIP5 requires participating 
research groups to perform an ensemble of GCM simulations. Each element of the 
ensemble is run under identical experimental conditions, but with different initial 
conditions which produce different climate trajectories with different, yet equally likely 
results. The CMIP5 project allows researchers to select an ensemble of a specific GCM 
for examination or create a multi-model, multi-ensemble analysis in order to account for 
known GCM biases.   
The goal of this study was to explore how predicted changes in water temperature 
in the Patuxent River, MD, a tributary of the Chesapeake Bay, may impact the 
overwintering behavior of blue crab in that system. Due to the important ecological and 
economic role of blue crab, changes in overwintering behavior may directly impact blue 
crab survival and growth and could have widespread impacts throughout its range. 
Commercial and recreational crabbing is prohibited in the Chesapeake Bay during winter 
(generally December – March) in all three management jurisdictions to protect 
overwintering crabs. This seasonal closure provides a de facto marine protected area for 
blue crab during winter months and is important for the sustainable management of blue 
crab in the mid-Atlantic. Predicted increases in temperature may increase the length of 
the growing season of crabs in the Chesapeake Bay and could initiate changes to the 




the ecological and economic impacts of changes to the length of the wintertime closure is 
critical to the ongoing sustainable management of this species in the region.   
To determine how blue crab overwinter behavior may change in a warming 
climate, we accessed a high-resolution, long-term environmental dataset to inform a 
model that utilized downscaled global climate model data from the CMIP5 project to 
predict water temperature in the Patuxent River, Chesapeake Bay. Water temperature 
predictions were then used to estimate the length of the overwintering period of blue crab 
in the Maryland portion of the Chesapeake Bay through the year 2100.   
 
Methods 
Observational data collection and processing 
 Air and water temperatures have been observed since 1938 at the end of a 274m 
pier located at the Chesapeake Biological Laboratory, located in Solomons, MD.  
Observations were taken manually at noon using a research grade mercury thermometer 
from 1938-2012. From 2012 to 2016, water temperatures were recorded every 15 minutes 
via YSI EX02 multi-parameter sonde (Yellow Springs Instruments, Inc., Yellow Springs, 
OH). Air temperature data were recorded every 15 minutes via Davis Vantage Pro 2 
(model 6152) meteorological station (Davis Instruments, Haywood, CA). Although 
largely complete, missing values were replaced with nearby observational data from the 
Chesapeake Bay Program (CBP) and the National Oceanic and Atmospheric 
Administration (NOAA) buoy system. The relationship between CBL pier data and other 
sources (CBP and NOAA) was assessed using major axis (MA) regression. The slope, 




sources were analyzed to evaluate the suitability of the replacement data, and to 
determine if the replacement data may introduce new patterns in the CBL data. 
 
Prediction of future water temperature 
 Future water temperatures in the Patuxent River were predicted from both an 
extension of patterns in current observations and from projections of down-scaled global 
climate models.  Climate models directly forecast air temperature only, and thus a 
transfer function that estimated water temperatures expected given air temperatures was 
developed.  The process of predicting water temperature from air temperature projections 
and then applying the temperature data to estimate crab overwintering behavior is 
summarized in Figure 5.1.  Specific statistical details of the calibration and validation of 
the models and the development of the transfer function are provided in Appendix A, and 
are only summarized here. 
 Harmonic regression models were fit to observed air and water temperature to 
characterize the seasonal cycle of air and water temperature (Miller et al., 1995). 
Following appropriate calibration and validation, these models were used to develop a 
transfer function that estimated water temperature from air temperature (Cho and Lee, 
2011; Appendix A).   
The transfer function was used to predict daily future water temperature from two 
data sources: extension of the observational data trend (extended data) and the 
downscaled CMIP5 data (downscaled CMIP5). The least squares parameter estimates of 
the transfer function were used directly to extend patterns in the observed data from 




data available on the CMIP3 and CMIP5 downscaled climate and hydrology projections 
website (http://gdo-
dcp.ucllnl.org/downscaled_cmip_projections/dcpInterface.html#Welcome).  Data 42 
ensemble runs for the east coast basin near Solomons, Maryland were downloaded for 
January 1950-December 2099. Daily minimum and maximum 1/8 degree downscaled 
bias-corrected constructed analogs, version 2 (BCCAv2) projected surface air 
temperature were downloaded for representative concentration pathway (RCP) 8.5.  
Groups and ensemble runs are shown in Table 5.1. Daily minimum and maximum values 
from each of the 42 ensemble members were averaged to create a single daily observation 
of air temperature.  
Uncertainties in forecasted temperatures were calculated differently for the 
extended data and the downscaled CMIP5 projections. For the extended data, we 
resampled regression parameters from a normal distribution defined by the mean and 
variance of the original parameter estimate, generating 50 new forecasted temperature 
projections.  This created 50 separate projected temperature time series, and we 
subsequently calculated the daily mean (± SD) temperature. For the downscaled CMIP5 
projections, we carried forward the predictions of air temperature from each of the 42 
individual ensemble members and then calculated mean (±SD) daily temperature.    
Determination of changes in overwintering period of crab 
 The number of days when water temperature was predicted to be below the 
critical temperature for growth (9°C; Brylawski and Miller, 2006) were determined for 
the two sources of time series of predicted water temperature (extended data and 




overwintering period of crab in any given year. Winter years were determined as the 
bridge of calendar years (e.g.: winter 1990-1991) since wintertime temperatures occur 
between calendar years in the Chesapeake Bay. Changes in the length of the 
overwintering period with year were examined using linear regression. The length of the 
overwintering period predicted by the extended data was compared to the length of the 
overwintering period predicted by the downscaled CMIP5 data in four year groups (2017-
2030, 2031-2050, 2051-2070, 2071-2100) using a t-test. Data processing and analyses 
were conducted in R (version 3.2.2 --  R Core Team, 2015) using R-Studio (version 




 Missing values in CBL air temperature data were filled in using data from NOAA 
buoys at Cove Point (buoy number 8577018, COVM2 ) and Solomons (buoy number 
8577330, SLIM2) and missing values in CBL water temperature were filled in using data 
from CBP water quality stations LE1.3 and LE1.4 and NOAA Solomons buoy (buoy 
number 8577330, SLIM2). Major axis regression of the CBL data with all other sources 
indicated a high degree of similarity between data sources (Figure 5.2). Table 5.2 
summarizes the intercept, slope, R2 value, and P-value of each relationship examined.  
We filled data gaps representing 11.7% and 8.3% of the total CBL air and water 





Prediction of future water temperature 
 The transfer function estimated from the observed data was used to predict water 
temperatures based on projected air temperature from the extension of the current trend 
and the downscaled CMIP5 model data. The climatology of water temperature in the 
reference period (1961-1990) and the prediction period (2070-2099) for both data sources 
indicates that the temperature during the average year in the prediction period will be 
significantly warmer than the temperature during the average year in the reference period 
(Figure 5.3). The warming trend observed using the downscaled CMIP5 data was more 
drastic than the trend from extended data (Figure 5.4).  
 
Impact of predicted changes in water temperature on blue crab overwintering period 
 The number of days below 9°C was quantified for each year of observational data 
and for both sources of time series predicted data (extended trend and downscaled 
CMIP5 data). Despite the addition of supplementary data sources to fill in missing 
observational data from the CBL pier, the annual data from 1977-2005 contained less 
than 300 daily observations of temperature. The lack of a complete register of daily 
temperatures made calculations of the number of days less than 9°C threshold for these 
years unreliable. Therefore, these years were excluded from the analysis of the trend in 
the length of past overwintering periods.  
The length of the overwintering period in the observational data ranged from 145 
days in 1943 to 75 days in 2012 with an average length of 117.0 ± 15.5 days (standard 




overwintering period with time was observed in this dataset (P<0.05, R2=0.37; Figure 
5.5).  
The extended data predicted the overwintering period declined to 89.7±0.97 days 
by the year 2100 while the downscaled CMIP5 model data predicted the overwintering 
period declined to 56±15.1 days by the year 2100. The length of the overwintering period 
estimated from the extension of the current trend began to diverge from the length of the 
overwintering period estimated from the downscaled CMIP5 data by 2040 (Figure 5.5). 
After this point, the length of the overwintering period estimated from the downscaled 
CMIP5 data drastically declined relative to the length of the overwintering period 
estimated from the extended data. The t-test indicated that the estimated length of the 
overwintering period was significantly different between the two data sources in each 
year group examined (2017-2030, 2031-2050, 2051-2070, 2071-2100; P<0.05 for all year 
groups). 
The number of days below 9°C at various locations along the east coast of North 
America from 2012-2016 were collected from the NOAA National Buoy Data Center and 
are shown in Figure 5.6. A linear regression of these data with latitude provided estimates 
of the latitude equivalent to the number of days below 9°C predicted by the extension of 
the observational data and the downscaled CMIP5 data. According to the regression of 
the number of days below 9°C and latitude, the number of days below 9°C in the year 
2100 predicted by the extended data is equivalent to the current number of days below 
9°C in Newport News, Virginia and the number of days below 9°C in the year 2100 
predicted by the downscaled CMIP5 model data is equivalent to the current number of 






Our analyses indicate that water temperature in the Maryland portion of the 
Chesapeake Bay will be significantly warmer in the future. Average annual temperature 
in the reference period (1961-1990) was 15.1°C, and the average year in the prediction 
period (2070-2099) will be significantly warmer than the average year in the prediction 
period under both warming scenarios. The extension of the current empirical trend 
indicates an average annual temperature increase of 2.4°C during the prediction period 
and the downscaled CMIP5 model predictions indicate an annual temperature increase of 
4.1°C in the prediction period.  
We observed a significant negative trend in the number of days below 9°C with 
time in the historical water temperature data from the CBL pier. Using the first order 
harmonic transfer function, we determined that this shortening trend will continue in the 
future under both a conservative estimate of future warming using the extended trend of 
historical data and a more aggressive RCP 8.5 warming scenario from the downscaled 
CMIP5 data. The number of days below 9°C was predicted to decline from an average of 
115 days to 89 days based on the conservative estimate of the change in future water 
temperature and to 56 days long based on the downscaled CMIP5 model outputs.  
The overwintering behavior of blue crab is a response to a seasonal decrease in 
environmental temperature (Tankersley and Forward, 2007). Blue crab occurs along the 
eastern coast of North America and the overwintering behavior of individuals is latitude-
dependent, with crabs at higher latitudes overwintering for a longer time than crabs at 




overwinter and crab from Georgia to the south do not overwinter at all (Fogarty and 
Lipcius, 2007; Hines, 2007). Overwintering behavior is variable by year in the area 
between Virginia and Georgia; during cold winters individuals may overwinter for a short 
time but warmer winters allow for year round growth in this region (Rock, pers. comm. 
2017; Whitaker, pers. comm. 2017). The inconsistent nature of overwintering behavior of 
crabs from Virginia to Georgia is driven by the temperature regime in a given year; 
overwintering occurs in cold years but may not occur in years with milder winters. 
Therefore, the probability of overwintering at a given location along the east coast of the 
US is determined not only by latitude, but by other factors including the severity of 
winter. This concept is illustrated in Figure 5.7, which displays the number of days below 
9°C at various latitudes along the US east coast together with a hypothetical logistic 
curve that describes the likely pattern in the probability of overwintering at a given 
latitude, based on knowledge of local crab behavior. For example, overwintering does not 
occur at lower latitudes near Florida and Georgia. Conversely, overwintering occurs each 
year at higher latitudes near Maryland and Delaware. The dashed grey bands are possible 
95% confidence intervals around the logistic curve and represent the inconsistent nature 
of overwintering behavior at these middle latitudes. 
Our analyses predict that by the year 2100, the temperature regime of the 
Chesapeake Bay will likely resemble the current regimes present in the Sounds of North 
Carolina. Therefore, it is reasonable to assume that the future overwintering behavior of 
blue crab in Chesapeake Bay will change to resemble the behavior currently observed in 
the Sounds of North Carolina and further south. Under current conditions, overwintering 




overwinter and the length of the overwintering period is determined by the severity of 
winter. In contrast, blue crab populations in North Carolina overwinter inconsistently; in 
colder years individuals display overwintering behavior but in warmer years they may 
display year round growth if water temperatures never fall below 9°C. Assuming similar 
variability in the length of winter in the future as was observed in the past, the probability 
of crab overwintering in Maryland will decline and in some years individuals may not 
overwinter in this region at all.  We infer from our analyses that blue crab overwintering 
behavior in the Maryland portion of the Chesapeake Bay will change from a pattern in 
which blue crab overwinter consistently to one in which overwintering of blue crab 
occurs inconsistently, sensitive to winter severity. 
The shortening and inconsistent nature of the overwintering period predicted by 
our analysis will lengthen the crab growing season in the Maryland portion of the 
Chesapeake Bay in the future and this has implications for the ecology of blue crab in the 
Chesapeake Bay. Additionally, predicted increases in temperature will not occur without 
other environmental changes resultant from climate change, including increases in 
atmospheric, and therefore oceanic pCO2. Although blue crab growth is not expected to 
be directly affected by increasing pCO2,(Ries et al., 2009; Glandon and Miller, 2017), 
bivalve prey of crab are expected to experience decreased calcification and growth as 
water acidifies in the future (Waldbusser et al., 2011b). The increase in energetic 
demands as a result of the predicted increase in the growing season combined with an 
increase in the vulnerability of crab prey in the more acidic water of the future may cause 
crab to target weaker prey items more heavily and could have ecosystem-wide effects. 




temperature may come at a cost to blue crab carapace integrity (Glandon et al., 
submitted). In order to sustain increased growth rates when exposed to high temperature, 
the percent of high-magnesium calcite in the carapace declined, which has been 
associated with declines in carapace strength in other invertebrates (Jordaens et al., 2006; 
Amato et al., 2008; Fabritius et al., 2012). As described above, the physiological response 
of blue crab to climate change stressors is complex and has been shown to be life-stage 
dependent in other species (Small et al., 2010; Carter et al., 2013). Despite the fact that 
the adult life stage is targeted by the fishery, effects of climate change on adult blue crab 
have yet to be determined. Taken together, these tradeoffs underscore the complexities 
involved in predicting the population level impacts of climate change, even on a single, 
well-studied species such as the blue crab. 
The predicted changes to the temperature regime in the Maryland portion of the 
Chesapeake Bay also have implications for the management of the blue crab fishery in 
this region. Currently, crabbing is currently prohibited during the overwintering period 
(December-March) in all three management jurisdictions in the Chesapeake Bay. This 
creates a de facto closed season for crab during the winter.  The positive response of the 
population to the closure of a winter fishing in the lower Bay in 2008 shows the role of 
this closed season in maintaining the Chesapeake Bay crab population at sustainable 
levels (Miller et al., 2011). However, the increase in temperature and subsequent increase 
in wintertime crab activity may serve to increase the length of crabbing season, as is 
currently the practice in the lower latitude states where crab are active year-round. 
Although it is possible that the increases in growth rate resulting from increased 




overwintering behavior in the Maryland portion of the Chesapeake Bay in the future 
complicates the wintertime management of this species. Reductions to, or elimination of, 
the wintertime closure in response to increases in average wintertime activity might 
drastically reduce population levels during cold years when crab will likely still 
overwinter. Therefore, despite the warming trends observed in this study, until crabs are 
consistently active year-round, the elimination of the wintertime fishery closure may put 
immobile, overwintering crab at great risk during cold years.    
The conclusions from this study are limited to a small spatial area and a single 
definition of overwintering. Our analysis focused on the Maryland portion of the 
Chesapeake Bay because of the substantial time series of temperature data available for 
that area. However, the warming trend observed in our analysis will be similar to the 
trend in the mid-Atlantic region and likely the eastern US coast (Najjar et al., 2009).  
Therefore blue crab will be exposed to warming temperatures throughout its range during 
the next century and the predicted changes in Chesapeake Bay blue crab behavior in 
Maryland may also be observed at other locations along the US east coast. Additionally, 
the overwintering period was defined in this study simply as the total number of days 
below 9°C, despite known fluctuations in daily temperature and therefore crab behavior, 
as well as a possible lag in crab overwintering behavior at the temperature threshold of 
9°C.  A more realistic representation of the true start of the overwintering period of crab 
in the fall could be after the water temperature is below 9°C for a given period of time 
(e.g.: one week), such that the temperature would be long enough for crab metabolic rate 
to slow and burial would be required for survival, which would delay the true start of 




on the first day above 9°C, lengthening the true period of time crab are buried in the 
spring. We did not examine the variability in warming trends by season in this study, but 
seasonal variation of the impact of warming could affect fall and spring temperatures 
differently and might change the length of the overwintering period of blue crab in the 
future. Further analysis of the predicted changes in the temperature regime could 
determine changes in the seasonality of winter (a later start to winter, for example) and 
are an important area for future research. 
Understanding the physiological effects of climate change throughout the life 
cycle of the blue crab could greatly improve the ability of our model to predict population 
level effects of warming in this system. Possible effects of climate change on adult crab 
have important implications for fisheries management. Significant carry-over effects have 
been observed in embryonic and larval Tanner crab, Chionoecetes bairdi, from adults 
exposed to acidified conditions over two brood cycles (Long et al., 2016a) and would be 
important to quantify in concert with possible generational effects of increased 
temperature. Although downscaled GCM data are preferable to GCM output for this 
study, downscaling has inherent limitations and biases. Improvement of downscaling 
approaches would benefit the analysis in this study and would allow for more accurate 
predictions regarding the behavior of this ecologically and economically important 




Table 5.1. Research groups that contributed model ensembles to the downscaled CMIP5 
data used in this study. 
Group Number of Ensemble Members (RCP 8.5) 
Commonwealth Scientific and Industrial 
Research Organization and Bureau of 
Meteorology, Australia 
1 
Beijing Climate Center, China 
Meteorological Administration 
1 
Canadian Center for Climate Modelling 
and Analysis 
5 
National Center for Atmospheric 
Research 
2 
Community Earth System Model 
Contributors 
1 
Centre National de Recherches 
Meteorologiques/Centre Europeen de 
Recherche et Formation Avancee en 
Calcul Scientifique 
1 
Commonwealth Scientific and Industrial 
Research Organization, Queensland 
Climate Change Centre of Excellence 
10 
NOAA Geophysical Fluid Dynamics 
Laboratory 
2 
Institute for Numerical Mathematics 1 
Institute Pierre-Simon Laplace 5 
Japan Agency for Marine-Earth Science 
and Technology, Atmosphere and Ocean 
Research Institute (The University of 
Tokyo), and National Institute for 
Environmental Studies 
2 
Atmosphere and Ocean Research 
Institute (The University of Tokyo), 
National Institute for Environmental 
Studies, and Japan Agency for Marine-
Earth Science and Technology 
3 
Max Planck Institute for Meteorology 4 
Meteorological Research Institute 1 






Table 5.2. Intercept, slope, R2 value and P-value of the major axis regression of CBL 
temperature with temperature observations from other sources. CBL: Chesapeake 
Biological Lab, CP: NOAA Cove Point buoy, Sol: NOAA Solomons buoy, CBP: 
Chesapeake Bay Program buoy. 
Relationship Intercept Slope R2 value P-value 
CBL Air – CP Air 0.562 0.942 0.947 0.01 
CBL Air – Sol Air 0.415 0.948 0.949 0.01 
CBL Water – CBP Water -0.338 0.963 0.984 0.01 







Figure 5.1. Schematic of the utilization of the transfer function to predict the length of the 
overwintering period of blue crab through the year 2100. Daily projected air temperature 
was accessed from two sources: the extension of the observational trend of increasing 
water temperature in the historical data and downscaled CMIP5 model projections. The 
projected air temperature time series were used with the transfer function to predict future 
water temperature based on those two data sources. The number of days below 9°C for 
each source of future temperature data was used as a proxy for the overwintering period 
of crabs under both the conservative (extension of the observational data trend) and the 






Figure 5.2. Temperature observations at the Chesapeake Biological Lab (CBL) by 
temperature observations from other the National Oceanic and Atmospheric 
Administration (NOAA) and the Chesapeake Bay Program (CBP). The red line in each 
plot indicates a major axis regression of CBL temperature observations with temperature 
observations from other sources. All relationships had a high degree of similarity 





Figure 5.3. Climatology of observed historical water temperature (Obs) in the reference 
period (1961-1990) and the predicted future water temperature (red and blue lines) in the 
prediction period (2070-2099). Both the conservative estimate of the increase in water 
temperature (Extended Trend, red line) and the predicted water temperature from the 
downscaled CMIP5 models (Downscaled CMIP5, blue line) predict the average year in 







Figure 5.4. Historical observed water temperature (black dots) and predicted water 
temperature using the extended trend in the observational data (upper panel, red line) and 
the trend in the downscaled CMIP5 model air temperature from 1950-2099 (lower panel, 






Figure 5.5. Length of crab overwintering period (expressed as the number of days below 
9°C in a given year) for observational data (black dots) and predicted data from two 
sources (conservative estimate (Extended Trend) in red and downscaled CMIP5 model 
data (Downscaled CMIP5) in blue). Years with less than 300 observations of water 







Figure 5.6. Number of days below 9°C by latitude at different locations along the east 
coast of the US from 2012-2016. Points in black indicate observational data from the 
CBL Pier and the National Data Buoy Center. The black line is the linear regression of 
the observations with latitude. The red and blue points indicates the location equivalent to 
number of days below 9°C predicted by the extended trend and the downscaled CMIP5 
data, respectively. Direct extension of trend in the observational data predicted a 
shortening of the overwintering period from 117±15.5 days to 90±0.93 days and the 
downscaled CMIP5 model data predicted a shortening of the current overwintering 






Figure 5.7. The number of days below 9°C at various latitudes along the US east coast 
(black dots) and a logistic curve representing the hypothetical probability of blue crab 
overwintering at a given latitude, based on knowledge of local crab behavior. The dashed 
grey bands are 95% confidence intervals around the logistic curve and represent the 
inconsistent nature of blue crab overwintering behavior at these middle latitudes. The 
extension of the trend in the observational data predicts that the length of winter in the 
year 2100 will be equivalent to the current length of winter in Newport News, VA and is 
shown as the red dot on the map.  The downscaled CMIP5 model data predicts that the 
length of winter in the year 2100 will be equivalent to the current length of winter in 




Appendix A: Model calibration and validation and development of the transfer 
function. 
Estimation of the harmonic model and transfer function  
 The calibration, validation and estimation of the transfer function are 
summarized in Figure 5.8. Harmonic models were developed to characterize the 
seasonal cycle of air and water temperature known to exist in mid-latitude estuaries. 
These models were used to develop a transfer function that estimated water 
temperature from air temperature.  
The available time series of air and water temperatures were divided into 
calibration (C) and validation (V) datasets. Harmonic regressions were fit to both the 
air and water temperature calibration data sets separately. The ability of the harmonic 
function to predict the two individual calibration data sets (air and water temperature) 
was then assessed using the independent validation data set. Subsequently, the air and 
water harmonic models were used to develop a transfer function that estimated water 
temperature from air temperature, and the ability of the transfer function to predict 
water temperature was then assessed using the independent validation data set. 
Following the methods of Cho and Lee (2011), 
Equation 1a:  𝐴𝑇𝐸(𝑡𝑖) =  𝐵0𝐴 + 𝐵1𝐴𝑡𝑖 + ∑ [𝐶𝐴𝑚










where A refers to air, W to water, T to temperature, B0A and B0W are the intercepts of 
the linear regression of temperature with time, B1A and B1W are the slopes of the linear 




function, CAm,CWm and SAm,SWm are the harmonic cosine and sine coefficients of the 
order m, and superscript C denotes the calibration stage.  For harmonic regression, the 
frequency term is expressed as wm = 2πm/365. 
 The observational data were split into consecutive calibration and validation 
sets in order to determine the most parsimonious model for the data. The size of the 
calibration set was determined by the root mean squared error (RMSE, Equation 2) of 
the predicted values (TE) compared to the observed values (TO) in both the calibration 
for air and water temperature. 






Once the size of the calibration set was determined, information theoretic statistical 
criteria (AIC and AIC) were used to determine the most parsimonious harmonic 
order for both air and water temperature in the calibration data. The ability of the 
most parsimonious models of air and water temperature to predict temperature in the 
validation set was evaluated using RMSE. 
 
Validation of the air-water temperature transfer function 
The ratio of the coefficients of the water temperature calibration model to the 
coefficients of the air temperature calibration model were utilized to predict water 
temperature in the validation set by the following equation: 









where BO is the intercept of the relationship used to characterize the change in daily 
temperature, B1 is the slope of the relationship used to characterize the change in 
daily temperature, and crm and srm are 𝐶𝑊𝑚
𝐶/ 𝐶𝐴𝑚
𝐶  and 𝑆𝑊𝑚
𝐶/ 𝑆𝐴𝑚
𝐶 . 
Model calibration and validation results 
 The performance of models when the calibration set consisted of 50% and 
70% of the observational air and water temperature data was evaluated over model 
orders 1-40 using root mean squared error (RMSE). The calibration model was 
marginally better (lower RMSE) at predicting the calibration data for both air and 
water temperature when the calibration set consisted of 50% of the data (Figure 5.9). 
However, the calibration model was considerably better at predicting the validation 
data for both air and water temperature when the calibration set consisted of 70% of 
the data (Figure 5.9). Therefore, the determination of model order was conducted on 
the calibration set which consisted of 70% of the data. 
AIC values for alternative models indicated that a 22nd order harmonic was 
the most parsimonious model for air temperature and a 17th order harmonic was the 
most parsimonious model for water temperature. However, the high frequency of the 
observational data may have caused the high order harmonic to over-fit the data, as 
shown in the example in Figure 5.10. Due to possible over-fitting of the data, future 
temperature predictions were conducted using 1st, 10th, and 20th order harmonics and 
results were examined for significant differences in the temperature predictions by 
model order. Results indicated no significant difference in future water temperature 









Figure 5.8. Flow chart outlining the procedure for calibrating and validating the air 
and water temperature models that led to the development of the transfer function. Air 
and water temperature models were calibrated separatelying using 30% of the 
observational data and validated separately using 70% of the observational data. 
Model performance was checked using RMSE and the most parsimonious model 
order was determined using AIC. After calibration and validation, model coefficients 
were determined using 100% of the air and water temperature observations 
(Validation II). The ratio of the air coefficients to the water coefficients was used to 
develop the transfer function, which converted air temperature to water temperature. 
The performance of the transfer function in predicting water temperature in the 









Figure 5.9. Root mean squared error (RMSE) of the air temperature model (upper 
panel) and the water temperature model (lower panel) for calibration and validation 
over 40 harmonic orders. Open symbols represent model results when 50% of the 
data were used in the calibration set, closed symbols represent model results when 
70% of the data were used in the calibration set. Circles represent model results when 










Figure 5.10. Example of 1st, 10th, and 20th order harmonic model fit to observational 
data from the year 2000. Although the ΔAIC analysis indicated that 17th and 22nd 
order models were the most parsimonious for air and water temperature, respectively, 





Chapter 6:  Discussion 
The results of my dissertation indicate that juvenile blue crab, Callinectes 
sapidus, are well equipped physiologically to adapt to a warmer, more acidic climate 
in the future. Their tolerance to the highly variable estuarine system as well as the 
intense physiological regulation of the internal environment both contribute to the 
resilience observed during my experiments. My dissertation contributes to the body of 
knowledge on the effects of climate change on estuarine crustaceans by quantifying 
the organismal and population level impact of increased temperature and pCO2 on 
juvenile blue crab in the Chesapeake Bay. I determined crab growth, metabolism, 
energy storage, and carapace properties in response to increases in water temperature 
and pCO2 and used these data to draw physiological insights and possible population-
level responses from a model that described potential effects of warming 
temperatures on crab overwintering behavior. 
Growth is a comprehensive response which integrates energy allocation and 
metabolism into a single measure each time a crab molts. Additionally, changes in 
individual growth can be manifested throughout ontogeny as well as through 
populations (Miller, 2001; Brylawski and Miller, 2006). Considering the broad 
applicability of changes in growth throughout the crab life cycle, I designed a 
laboratory system that allowed me to quantify the effects of experimentally 
manipulated temperature and pH on crab growth and food consumption. Given the 
known effects of changes in water chemistry on growth and calcification in calcifying 
invertebrates (Pörtner, 2002), I then determined changes in the thickness and 




during the growth experiment. Although the metabolic response of poikilotherms to 
increased temperature is well characterized, the effects of increased pCO2 and the 
interaction between increased temperature and pCO2 on metabolic rate are less well 
understood. Therefore, I quantified the oxygen consumption rate of crabs after 
exposure to increased temperature and pCO2. I also utilized the physiological data I 
had collected to hypothesize how increased temperatures might affect blue crab at the 
population-level through changes in overwintering behavior. To achieve this goal, I 
modeled the relationship between air and water temperature in the Patuxent River, 
Chesapeake Bay using a 78-year observational dataset. I then used this relationship 
combined with projected air temperature from downscaled global climate models to 
determine possible changes to the overwintering behavior of blue crab in the future 
and discuss population and fisheries impacts of these changes.  
The results of the growth experiment (Chapter 2) showed that juvenile blue 
crab responded predictably to increases in temperature and were tolerant of high 
levels of pCO2 (Glandon and Miller, 2017). During this experiment, crabs were 
exposed to one of four treatment combinations of temperature and pCO2 in a 2x2 
factorial design for a period of two molts (approximately 30 days). Treatment levels 
were chosen to reflect current average summer conditions in the Chesapeake Bay and 
future predicted levels in the year 2100 (Temperature treatments: 26°C and 32°C, 
pCO2 treatments: 800 and 8,000 µatm). As a result of the highly productive estuarine 
environment, there are large daily and seasonal fluctuations present in pH in the 
Chesapeake Bay; pH is regularly above 8.3 during the daytime due to high levels of 




respiration (Breitburg et al., 2015). Given the goal of creating realistic conditions in 
the laboratory setup, the high pCO2 treatment was determined with this variability in 
mind. The data from the experiment indicated no temperature x pCO2 interaction. 
Crabs grew significantly faster and ate significantly more food in the warm 
temperature treatment compared to the ambient temperature treatment. Also, there 
was no effect of increased pCO2 on crab growth or food consumption.  
The lack of a significant pCO2 effect was likely caused by two factors: the 
natural high variability of pCO2 in the estuarine environment and the superb ability of 
crab to regulate their internal chemistry (Towle et al., 1976; Henry and Wheatly, 
1992; Towle and Burnett, 2007). High natural productivity in the Chesapeake Bay 
ecosystem creates large variation and intense cycling of pCO2 on a daily basis (Cai et 
al., 2011). Additionally, there is a strong latitudinal gradient of pCO2 in the 
Chesapeake Bay and therefore blue crab are exposed to a range of pCO2 levels as they 
migrate from the mouth into the estuary as juveniles (MdDNR, 2017). Crabs are 
prolific in the highly variable environment described above due to their excellent 
ability to regulate their internal conditions. Blue crab are known to be efficient 
osmoregulators and highly regulate their internal pH during the molt process 
(Mangum et al., 1985). The ability of crabs to live in the highly variable estuarine 
environment may have contributed to the lack of a significant pCO2 effect on crab 
growth and consumption during the growth experiment. 
Although there was no effect of increased pCO2 on crab growth and food 
consumption, the robustness of other physiological parameters, such as carapace 




growth and food consumption in the face of increased pCO2 during the growth 
experiment. The thickness and chemistry of the carapaces of the crabs from the 
growth experiment was determined in Chapter 3 to quantify the effect of increase 
temperature and pCO2 on the blue crab carapace (Glandon et al., submitted). 
Carapace thickness aids in its protective ability and carapace calcium content has 
been correlated to shell strength in a variety of invertebrate species (Jordaens et al., 
2006; Amato et al., 2008; Fabritius et al., 2012). There was a counteractive effect of 
temperature and pCO2 on the percent of high-magnesium calcite (HMC) in crab 
carapaces; increased temperature caused a significant increase in percent HMC in the 
carapace while increased pCO2 caused a significant decrease in the percent HMC in 
the carapace. The decrease in HMC was coupled with a decrease in carapace 
thickness in response to increased temperature in this study. These results combined 
with the increase in growth observed in the growth study suggest that carapace 
thickness and chemistry may decline in order to support increased growth as 
temperatures increase.  
The response of the crab carapace to increased pCO2 was less clear; although 
there was a significant decline in the percent HMC, this was coupled with a 
significant increase in the ratio of magnesium to calcium in the carapaces of these 
individuals. Since the incorporation of magnesium increases the solubility of the 
calcium carbonate (Berner, 1975), increases in the ratio of magnesium to calcium in 
the carapace may be an indicator of stress and could be used to gauge the condition of 
animals exposed to external stressors, as has been suggested for other calcifying 




2001). The relative importance of the amount of HMC versus the ratio of magnesium 
to calcium in the HMC in crabs is not known and is an important area of future study. 
The final physiological metric determined in my dissertation was the 
metabolic response of juvenile crab to increased temperature and pCO2 (Chapter 4).  
Juvenile blue crab were exposed to temperature and pCO2 treatments similar to those 
in the growth study for a period of two molts after which the oxygen consumption 
rate of individual crab were determined in a flow-through respiration system. Given 
the growth response observed in previous work (Chapter 2) combined with the known 
effect of temperature on the metabolic rate of blue crab (Leffler, 1972; Booth and 
McMahon, 1992), I expected temperature to have a significant positive effect on 
oxygen consumption rate and there to be no effect of increased pCO2 on the oxygen 
consumption rate of crabs. Although the temperatures tested in this study did not 
elicit a significant difference in mean oxygen consumption rate, Q10 values indicated 
that oxygen consumption rates did predictably rise with temperature. However, the 
small temperature range (5°C) I tested and the high individual variability of oxygen 
consumption rates may have compromised my ability to detect statistically significant 
differences in mean metabolic rate by temperature treatment. It is also possible that 
the crabs had acclimated to the increase in temperature through being exposed to high 
temperature for approximately 30 days prior to metabolic measurement, as has been 
observed in other species such including fish (Fangue et al., 2014), zooplankton (Zeis 
et al., 2004), and salamanders (Brown and Fitzpatrick, 1981). Although oxygen 
consumption rate measurements throughout the acclimation period would be 




Additionally, increased pCO2 had no significant effect on the mean oxygen 
consumption rate of crabs.  
The results from the first three experiments of my dissertation highlight the 
resilience of juvenile blue crab to increased temperature and pCO2. Crabs responded 
in a predictable, positive way to a large increase in environmental temperature by 
increasing growth rates and food consumption. Although changes in carapace 
thickness and chemistry were observed in response to increased temperature in 
Chapter 3, the biological significance of these effects are not known. Crabs were 
highly tolerant of extremely high levels of pCO2 in these experiments. Growth, food 
consumption, and oxygen consumption rates were maintained when crabs were 
exposed to a ten-fold increase in pCO2 (800 to 8,000 µatm). Although increased pCO2 
had no effect on the thickness of crab carapaces, an increase in the percent of HMC in 
the carapaces was observed, suggesting a possible positive effect of increased pCO2 
on crab carapaces. The environmental factors in my laboratory experiments were 
manipulated much faster than the projected rate of change of temperature and pCO2 
in the future. Given the rapid increase in temperature and pCO2 experienced by the 
individuals in my experiments, the physiological responses observed in Chapters 2-4 
of my dissertation indicate that juvenile blue crab will be tolerant of increases in 
temperature and pCO2 predicted to occur in the Chesapeake Bay through the next 
century. 
The results from the physiological metrics measured during my dissertation 
research highlight the importance of measuring multiple parameters in multi-stressor 




food consumption were predictably affected by increased temperature while no effect 
of increased pCO2 was observed in either response. However, the carapace and 
metabolic data add complexity to the response of juvenile blue crab to climate change 
stressors. Carapace thickness and percent HMC declined in crabs exposed to high 
temperatures while carapace percent HMC increased in response to increased pCO2. 
Although not statistically significant, antagonistic effects of increased temperature 
and pCO2 were observed in crab carapace percent HMC and oxygen consumption 
rate. The percent HMC and oxygen consumption rate of crabs exposed to ambient 
temperature/ambient pCO2 conditions was similar to the percent HMC and oxygen 
consumption rate of crab exposed to high temperature/high pCO2. The balance of 
chemical and kinetic processes may contribute to the antagonistic effect of 
temperature and pCO2 observed in the carapace data. Temperature and pCO2 may act 
antagonistically to reduce metabolic scope (the threshold identified by the onset of 
anaerobic metabolism) of blue crab exposed to the combination of both stressors, as 
has been observed in adult edible crab, Cancer pagurus, (Metzger et al., 2007) and 
adult spider crab, Maja squinado (Frederich and Pörtner, 2000), emphasizing the 
importance of multi-stressor studies that quantify secondary effects. 
The significant effect of temperature on crab growth observed in the 
laboratory experiments was the motivation for the final component of my dissertation 
research; to determine population level impacts of increased temperature on blue crab 
in the Chesapeake Bay. I utilized a high-resolution, long term dataset of air and water 
temperature collected at the Chesapeake Biological Laboratory (CBL) to characterize 




Bay. These data were used to estimate a transfer function that could forecast water 
temperature from air temperature. Downscaled phase 5 Coupled Model 
Intercomparison Project (CMIP5) air temperature predictions were utilized in concert 
with the observational harmonic model to predict water temperature in the Maryland 
portion of the Chesapeake Bay through the year 2100. Using a cutoff temperature of 
9°C, below which blue crab are known to cease growth processes (Smith, 1997), I 
quantified changes in the length of the overwintering period of crabs based on two 
future climate scenarios. I found that the probability of crabs overwintering in the 
Chesapeake Bay will decline as temperatures warm through the end of the century.  
In contrast to the consistent nature of overwintering currently displayed by blue crab 
in the Chesapeake Bay, overwintering will be more inconsistent as the temperature 
warms in the mid-Atlantic region, and may be absent in warmer years. The increase 
in the length of the growing season resulting from increases in temperature in the 
region has ecological and management implications. Increased crab growth rates will 
also cause increases in food consumption, placing additional stress on the prey of 
crabs that may be weakened by increasing pCO2 concomitant with increasing 
temperatures. Increased wintertime blue crab activity may cause reductions to or 
elimination of the winter blue crab fishery. The Chesapeake Bay blue crab population 
may not be able to sustain this additional exploitation given the stochastic nature of 
future overwintering behavior, especially during cold years when growth may be 
unusually slow. 
The results of my dissertation underscore the resilience of estuarine species, in 




in environmental conditions in the estuary, the plasticity of the physiological response 
of crab to increased temperature and pCO2 was not unexpected. However, the 
excellent ability of blue crab to regulate their internal chemistry (Towle et al., 1976; 
Henry and Kormanik, 1985; Mangum et al., 1985) may also contribute to the lack of 
observed effects of changes in environmental chemistry on crab physiology. 
Hemolymph pH was not quantified in this study, but understanding the effects of 
increased environmental pCO2 on blue crab hemolymph chemistry is an important 
next step in determining the effects of environmental change on blue crab. 
Additionally, quantifying the effects of the observed changes in blue crab growth and 
carapace structure and chemistry on juvenile blue crab fitness would further place 
these findings in greater ecological context. 
I focused on the juvenile life stage because it is known to be important in 
regulating overall crab population dynamics (Miller, 2001). Juveniles are the first 
complete life stage of blue crab to live entirely in the estuary, and the frequency of 
molting in juveniles allowed me to measure responses in a tractable period. However 
important the juvenile life stage may be, my study does not address impacts of 
climate change stressors in other life stages of blue crab. The larval and megalopal 
blue crab life stages are oceanic; an environment with consistency relative to the 
estuary and where individuals may be more susceptible to small changes in 
temperature and pCO2. Additionally, my research did not quantify effects of 
increased temperature and pCO2 on mating and reproduction, since juveniles do not 
display these behaviors. Adult female blue crab display a terminal molt, only after 




of this molt is therefore critical to reproduction in this species. The effect of 
acidification on shell chemistry observed in my study may be amplified in adults and 
could impact mating success. Also, the allocation of energetic resources to 
reproduction in adults may be a cost of exposure to increased temperature or pCO2 
that I did not quantify. These costs could be manifested throughout generations of 
crab exposed to changing climate conditions. For example, Long et al. (2016a) 
observed negative carryover effects of decreased pH on Tanner crab, Chionoecetes 
bairdi, larvae hatched from females that had brooded eggs in low pH treatments for 
two years in contrast to resilience of larvae from females that were not acclimated to 
low pH. However, a similar effect was not observed in juvenile blue king crab, 
Paralithodes platypus (Long et al., 2016b). A comprehensive ontogenetic 
examination of the effects of increased temperature and pCO2 on blue crab would 
more accurately quantify possible effects of climate change on this species overall.  
Understanding the tolerance of individual species to environmental stressors is 
an important first step in quantifying the impact of environmental change on 
ecosystems. However, determining the effects of these stressors on multiple species 
as well as on the interactions among species is critical to determine ecosystem level 
impacts. Certain species, such as diatoms and fleshy algae, have been shown to be 
resistant to increases in pCO2, while other groups, such as calcifying corals and 
mollusks, display decreased survival, growth, and calcification in the face of 
decreased pH/increased pCO2 (Kroeker et al., 2013). Although the data from my 
dissertation indicate that blue crab likely fall into the “resistant” group, important 




(Waldbusser et al., 2011b; Parker et al., 2012). The documented negative effects of 
pCO2 on blue crab prey may limit the ability of blue crab to maintain the increased 
growth and food consumption rates observed in the growth study. It is difficult to 
predict how species interactions may change in the face of a changing climate, 
underscoring the need for multi-species experiments to determine these effects.  
Another important multi-species interaction in the Chesapeake Bay is between 
blue crab and commercial and recreational fishermen. The management of the 
Chesapeake Bay blue crab fishery is currently based upon a 3-month closure to 
protect overwintering blue crab. The results of the modeling study (Chapter 5) 
indicate a shortening and possible elimination of the blue crab overwintering period 
in the Chesapeake Bay during warm years. This extension of the growing season 
combined with the observed increase in growth rate in response to increasing 
temperatures may cause individuals will mature faster than the current management 
scheme predicts and therefore recruiting to the fishery in a shorter period of time.  
Possible impacts on the management of blue crab from this work are changes to the 
maturity schedule of crab in current management models and revision of the timing of 
the closure of the Chesapeake Bay blue crab fishery. The scale of the ecological and 
economic impacts of changes to the biology and management of blue crab as a 
response to climate change will depend on the rate of change of the climate and the 
ability of crab and the Chesapeake Bay ecosystem as a whole to acclimate and adapt 
to these changes.  
The data from my dissertation indicate that blue crab are likely well equipped 




changing climate. Increased temperature caused a significant increase in crab growth 
rate and food consumption, but at a cost to carapace thickness and chemistry. Crabs 
were resilient to exposure to extremely high levels of pCO2; there was no significant 
effect of increased pCO2 on crab growth rate, food consumption, or oxygen 
consumption rate. Although there was a significant increase in percent HMC in 
response to increased pCO2, this was paired with an increase in the concentration of 
magnesium, complicating the overall effect of increased pCO2 on the carapace. The 
temperatures tested in this study did not elicit a significant difference in mean oxygen 
consumption rate, however Q10 values indicate that oxygen consumption rates did 
predictably rise with temperature. The climate model indicated that the temperature 
regime of the northern Chesapeake Bay will become significantly warmer through the 
next century and this warming will cause inconsistency in blue crab overwintering 
behavior through increases in blue crab growth rates and concurrent decreases in 
stage duration. The physiological and population level responses observed in this 
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